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Chapter 1 Device Physics and SPICE Models 
of Analog MOSFETs 

§1-1 Device Physics and Operational Principle 




Fig. 1 Cross-sectional view of a n-channel MOSFET. 




Fig.2 Ids"Vds characteristics of long-channel NMOSFET. 





Linear Region (Non-saturation Region) • 
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Inversion layer 
space-charge region 



Vqs > VxHo (threshold voltage) 

^ electron inversion layer (~200A) is formed 

^ For small V^s, it likes an uniform resistor with length width W^ff, 
and thickness 200 A 
^ Linear Ids"Vds curve 

Ids “ (velocity along channel length) • (charges per unit channel length) 

= (n)^)[C„xW.,(V„, - V,„„)]=nC<„ - V„„)V„ 

^eff -*^eff 

^ For slightly larger V^s, 



iDs=(i^y^) 


CoxW.,(Vo,-Vx„„-)v„) 


W 

= gCox-^ 


(V„s-V™o)V„-)v„" 


^eff 


2 


^eff 


2 



Saturation Region • 

1 .Pinched-off saturation in long-channel devices 




p-well 
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Vqs V dsat 



Vgs-Vtho ’ the channel is pinched off (Vq^ = Vxho)- 



T _ ^^eff {\T \T ^2 

^DS “ ^ T V'^GS ''tHOv' 



2 L 



eff 



When Vds > Vdsat ’ the pinched-off point of V^sat along the channel is 
moved toward the source with a distance AL from the drain. 

^ Within AL ’ the electrons can be very quickly swept toward the drain 
region. Thus the current is not dependent upon the physical behavior 
of electrons within AL. 



^DS “ 






(Vgs-Vxho)^ 



^ hgff AL 



^^eff \2 

V''gs ''tho/ 



2 L 



eff 



for AL « L (long-channel device) 



constant current characteristics. 



2. Velocity saturation in short-channel devices 

In short-channel devices < 4p,m’ velocity saturation occurs before 
pinched-off. 




SAT 






V 



DSAT 



I 



DSAT 






heff 

-V™o - Wosat)] 

-*^eff ^ 




Device symbols : 



Enhancement-Mode MOSFET 

n-channel p-channel 



Depletion-Mode 

n-channel 



G 









D 






B 

-O 





G 




Is 





G 







§1-1.1 Threshold Voltage V^h 



%-H 



MS 






C 



■+4>s + 



ox 



c, 



ox 



c, 



ox 



— ^MS 



’SS 



'OX 



V 



TH 



^Ms • material to silicon potential barrier 
Qss : surface charge density (C/cm^) 
b s : surface potential under strong inversion 



bs=2— ln| 



N. 



y 



or 2 — ln| 

q 






U: 



A 



N, 



V 



1 ,+NMOS 
YS --PMOS 



+NMOS 

PMOS 



Qb : bulk charge density (C/m ) Qb :! 
Cqx : channel oxide capacitance per unit area 



r = 
'^ox 



Cox s 0.037fF/|am^ for Tqx = 100 A 
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,+NMOS 

•-PMOS 
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Gate Material 


Oms(V) 


'J“ = 5xl0‘''cm“'' 
t„^ =100^ 


Vpb(V) 




PMOS 


NMOS 


(V) 


PMOS 


NMOS 


metal 


-0.3 


-0.85 


-0.03 


-0.33 


-0.88 


n^_polysilicon 


-0.25 


-0.80 


-0.023 


-0.273 


-0.823 


p^_polysilicon 


+ 0.80 


+ 0.30 


-0.023 


+ 0.777 


+ 0.277 


qN^d>g 


for Vbs=0 > 


i.e. zero substrate bias 






(NJ 












~^Bs) ^Bs- + forward bias 






(No) 


1 


— reverse bias 




Vth=Vxho+ gamma 

1 


1-Vbs/^s-iJ 

1 


VxHo^ zero-bias threshold voltage 


=V™o + GAMMA[7d>g- 


Vbs-V^J 


G^.:permitivity of Si 




VxH^od VjHo- T( 


— ) for enhancement NMOS (PMOS) 







GAMMA= J2g^; qN^ GAMMA : body effect factor 
Cox 

Body Effect > Substrate Bias Effect 



• ^Bs t forward bias => Vj 



Vgg t reverse bias => Vj 



GAMMA = 0. 1 to EO GAMMA a 

To obtain a large enough V^ho a small GAMMA 
^implantation for threshold voltage adjustment on a small (Nq) sub. 
enhancement implant & depletion implant. 
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§1-1.2 Level 49 BSIM3 Versions SPICE MOS Model-Threshold Voltage 
Ref : l.Star-Hspice Manual, Release 1998.2 

2.BSIM3v3.2.2 Manual, http://www-deviee.eees.berkeley.edu/~bsim3/get.html 



Threshold Voltage Equation 

^th = E,/,0oj: + -^lox ■ -\j^s ~^bseff ~ ^lox^bseff 

+kS, li+^ -i]m+(k,+ ) 



Kjr +K 



-Dyrow exp -D, 



W T 

^eff 



+ 2exp\ 



W T 

^eff 



Dvto ex;? +2exp (K, 



ex;? +2ex;? iKo 



hseff r ds 



^thOox ~ ^thO ■ a/^ 



=^1 






Ko ~ J^si^depO ^ ^ ox 



I, =;e.i2r.„/c„(i+D„r^,^) 

^hr ~ J^si-^ijep ^ 0 "*■ ) 



^ hseff , 



-^depO ~ ■ 



2e0 



Kseff = Ke + 0.5 V,, - F,, - 5 , + 



= 0.9 d? 



Vh. = V, In 



■* A 2 






5i=0.001V 
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NDs=le20/cm^ 

where Toxm is the gate oxide thiekness at which parameters are extrated with 
a default value of Tox. 



Threshold Voltage Model Parameters : 



Name 


Units 


Default 


Comments 


TOX 


m 


ISOe-lO 


Gate oxide thichness 


VTHO 


V 


0.7 


Threshold voltage of long channel device at 
V/,,^0 and small V^sCtypically 0.7 for n- 
channel, -0.7 for p-channel) 


NSUB 


cm'^ 


6.0el6 


Substrate doping concentration 


NCH 


cm'^ 


1.7el7 


Peak doping concentration near interface 


NLX 


m 


1.74el7 


Lateral nonuniform doping along channel 


K1 


yl/2 


0.50 


First-order body effect coefficient 


K2 


- 


-0.0186 


Second-order body effect coefficient 


K3 


- 


80.0 


Narrow width effect coefficient 


K3B 


\N 


0 


Body width coefficient of narrow width effect 


WO 


M 


2.5e-6 


Narrow width effect coefficient 


DVTOW 


1/m 


0 


Narrow width coefficient 0, for Vth, at small 
L 


DVTIW 


1/m 


5.3e6 


Narrow width coefficient 1, for Vth, at small 
L 


DVT2W 


1/V 


-0.032 


Narrow width coefficient 2, for Vth, at small 
L 


DVTO 


- 


2.2 


Short channel effect coefficient 0, for Vth 


DVTl 


- 


0.53 


Short channel effect coefficient 1, for Vth 


DVT 2 


1/V 


-0.032 


Short channel effect coefficient 2, for Vth 


ETAO 


- 


0.08 


Subthreshold region DIBL (Drain Induced 
Barrier Loweringjcoefficient 


ETAB 


1/V 


-0.07 


Subthreshold region DIBL coefficient 


DSUB 


- 


DROUT 


DIBL coefficient exponent in subthreshold 
region 


VBM 


V 


-3.0 


Maximum substrate bias, for Vth calculation 



Other related model parameters: 13 parameter of , Wj,ff , and 
Effects on Threshold Voltage 
1 Short-Channel effect 



Ldrawn '1' j '.'effective Qg i shared by source-drain junction depletion changes 

HSPICE Model Parameters:DVT0,DVTl,DVT2 



2 Narrow-Channel effect 

Wdrawn i t 

effective Qg f by AQg 
caused by the fringing 
electric field 







W/M 


W/y 


Ai Q. 
^ — A 


|a^ 



Depletion region 
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HSPICE Model Parameters :K3, K3B, WO, DVTOW, DVTIW, DVT2W 

= Vqs 

T 

3 DIBL (Drain-Indueed Barrier Lowering ) effect 
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Vds t =>electrons in the channel can 

be induced by the positive voltage 
at the drain as that at the gate 

=>v.,i 

HSPICE Model Parameters: ETAO, ETAB, DSUB 



r 


0 


1 1 1 1 1 ITI 1 1 1 1 1 









N+ 



N+ 



p-well 



4 Body effect 

HSPICE Model Parameters: NLX, Kl, K2, VBM 



§ 1 - 1.3 First-Order MOS Ids"Vds Equations 



Linear , non-saturation , or triode region ( Vug < Vdsat ^ 

J PnCpx W^ff Fy (y _Y t_Y 2I 

^DS ^ j H*dsv''gs '^TH/ '^DS j 

^ ^eff 

Pn : electron surface mobility 



Feff — ^dL 

Weff =W^_-2dW 
^TH “ ^THO ~y iyj^S 



BS 




Saturation region ( Vds>Vdsat , > V™) 

Ids = (V„s - V„ t (1 + J 

^ ^eff 

A : effective Early-Effect factor 

ly-'or — V-' 

10 100 



V ONgLiB 2L.^Vj3g - Vpg^^ 
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Ids = Iso exp(Vos / nv, )[l - exp(- Yds / V, )] 



Iso =1^0 



n = l + 



^eff / ‘^^sjl^ch y2 

Kffi 2$s ‘ 

^ I I j *^I^sub^si 

Cox C„j2 ($,-V 3 ,) 



1-1.4 Level 49 BS1M3 Version 3 SPICE MOS Model - Ids-Vds Equation 
1. Effective ( Vqs-Vjjj)—Vqsj 



2nv Jn 



V .. =■ 



1 + exp 



ry - F, ^ 

^ gs ' th 

2nv, 



l + 2nC„ 



2<P, 



st^ch 



-exp 



f V -V -2V ^ 

' gs ' th ^ off 



2nv, 



n = l + N 



factor 



£a 



i^cds ^dscd^ds ^dscb^hseff 1 



-D 



L 



'eff 



VTI 



21 



+ 2exp 



-D 



L 



eff 



VTI 



-+- 






+ - 






Q = 



X 



dep 



Effective - Fj,^ ) Model Parameters 



Name 


Units 


Default 


Comments 


VOFF 


V 


-0.08 


Offset voltage in subthreshold region 


NFACTOR 


- 


1.0 


Subthreshold region swing 


CIT 


F/m" 


0.0 


Interface state capacitance 


CDSC 


F/m^ 


2.4e-4 


Drain/source and channel coupling capacitanct 


CDSCD 


F/Vm" 


0 


Drain bias sensitivity of CDSC 


CDSCB 


F/Vm" 


0 


Body coefficient for CDSC 



Other related model parameters : 20 parameters of , and 13 parameters of Lj.(f 

,W,ff,andW,ff’ 

2. Mobility 



FormobMod=l (Default) 



P 



eff 



i+(u.+u,r, 



bsejf / 



Po 

V 4 - 2F 3 

’ gsteff ^ th 

Tox 



+ U, 



(v + 2F 3 

’ gsteff ^ th 

Tox 





Mobility Model Parameters 



1 - 11 

CHUNG-YU WU 



Name 


Units 


Default 


Comments 


UO 


cmVV/ 

see 


670 nmos 
250nmos 


Low field mobility at T=TREF=TNOM 


UA 


m/V 


2.25e-9 


First-order mobility degradation eoeffieient 


UB 


mVV" 


5.87e-19 


Second-order mobility degradation coefficient 


UC 


m 


-4.65e-ll 
or -0.0465 


Body bias sensitivity coefficient of mobility 
-4.65e-ll forMOBMOD=l,2 or, 

-0.0465 for MOBMOD=3 



Other related model parameters : 20 parameters of , 6 parameters of , and 
13 parameters of L^ff , , and W^ff’ 



3. Drain Saturation Voltage 
For > 0 or A.^1; 

_-b- —4ac 

' dsat 



“ \ulk ^eff'^sat^oxb^DS + 



b = - 



J 



U 



'hulk 



i^gsteff + 2v,0-l' 

\ulk^ satb^eff b>\ulk ^ gsteff + 2v.y^v,„C„R 



^ ~ ^l^gsteff ^2 



For = 0 and A = 1 



V 



dsat 



^ sat b^eff (b^gsteff ) 

^bulk^ sat b^eff ^ gsteff 2 ^, ) 



^hulk 



1 + 



K 



lox 



2p, -V„ 



bseff 



\b^eff 



V + 24xjx, 



dep 



1 ^gsVgsteff 



L 



eff 



g+2\W7 



+ - 






W, 



eff 



1 



1 + KetaVt 



bseff 



2V 

E . = — ^ 



M-eff 





Drain Saturation Voltage Model Parameters 
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Name 


Units 


Default 


Comments 


AO 


- 


1.0 


Bulk charge effect coefficient for channel 
length 


AGS 


m 


0.0 


Gate bias coefficient of Abulk 


BO 


m 


0.0 


Bulk charge effect coefficient for channel 


B1 


m 


0.0 


Bulk charge effect width offset 


KETA 


IN 


-0.047 


Body-bias coefficient of bulk charge effect 


VSAT 


msec 


8e4 


Saturation velocity of carrier at 
T=TREF=TNOM 


A1 


\N 


0 


First nonsaturation factor 


A2 


- 


1.0 


Second nonsaturation factor 


XJ 


m 


O.lSe-6 


Junction depth 



Other related model parameters : 20 Vth , 6Vg,teff , 1 3 , Wj.ff , and Wj,ff’ , and 

d.Effeetive V^s 



= y,.., -\[y^^ -y.,-s+ ^{y„.-y„-sy+4sr,,„) 



Effective Vug Model Parameter 



Name 


Units 


Default 


Comments 


DELTA 


V 


0.01 


Effective Vds parameter 



Other related model parameters : 9 , 20 V,i, , 6Vg,teff , 1 3 , Wj.ff , and , and 

4Rds 



5. Drain Current Expression 



/ 



= 



dso[V„ 



dseff ) 



1 + 



R.J 



ds dsojyj,^) 

V 



1 + 



V -V 

y ds y ' 



V 



dseff 



V. 



1 + - 



E 



ds 



V dseff ^ 



A 



V 



ASCBE 



dseff 



f 



^effl^eff^ox^gsteff 



V 

1 _ A dseff 

" 2C,J +>,) 



A 






dseff 



dso 



^eff 1 ^dseff l^safeff 1 



V =v + 

'A y Asat ^ 



p V 

Y _|_ vag gsteff 

E ,L ff 

sat eff 



1 1 

■ + ■ 



X-l 



V V 

y ACLM y ADIBLC 



V 



ACLM 



Aulk^safeff + ^gsteff (y _ y ] 

PAP liti ^ 

^CLM ^hulk^ sat'^y' 



V 



(K.„f + 2vJ 



ADIBLC 



g!deff 

^ rout EDIBLCB^bseff ) 



A V 

y^bulky dsat 



Ahulk^dsat ^gsteff + 2V, j 



^rout Bj^IBLCI 



exp 



D 



ROUT 



T \ 

feff_ 

21 . 



to 



+ 2exp 



D 



T \ 

^eff 



ROUT 



^ ^scbel 



V 



ASCBE 



L 



exp 



eff 



V 

^ -Psebeftl ^ 

V -V 

yj ds y dseff J 



UO 



+ P, 



DIBLC2 






^sat^eff ^dsat sat^ ox^eff^ gsteff 



V 

■ 



A V 

I _ ^bulk ^ dsat 

2(^'.-+2v,) 
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litl ■ 



£.JoxX, 



Name 


Units 


Default 


Comments 


PCLM 




1.3 


Coefficient of channel length modulation 
values ^ 0 will result in an error message and 
program exit 


PDIBLCl 


- 


0.39 


DIBL (Drain Induced Barrier Lowering) 
Effect cofficient 1 


PDIBLC2 


- 


0.0086 


DIBL effect coefficient 2 


PDIBLCB 


\N 


0 


Body effect coefficient of DIBL effect 
coefficients 


DROUT 


- 


0.56 


Length dependence coefficient of the DIBL 
Correction parameter in Rout 


PVAG 


- 


0 


Gate dependence of Early voltage 



Other related model parameters : IV^seff , , 20 V^,, OVg^^ff , 13 L,ff , W^f , and 

W,ff’ , and 4 Rds 



6. Substrate Current 



f 

Isub — ttfO^Vds Vdseff)eXp ' 

V 



Vds — Vdseff 



A 



1 + 



IdsO I ^ I Vds — Vdseff | 

vX I 



RdsIdsO 

V dseff 



Substrate Current Model Parameters 



Name 


Units 


Default 


Comments 


ALPHAO 


m/V 


0 


The first parameter of impact ionization 
current 


BETAO 


V 


30 


The second parameter of impact ionization 
current 



Other related model parameters : 1 , 9V,^t , 20 Vtj, , 6Vg,tj.ff , 13 L^ff , , and 

W,ff’ , and 4 Rds 



7. Sub threshold Drain Current 



Vds Vgsteff + 

Ids = Iso(l - exp( )) exp( 

Vt nv, 



) 



Iso — po 



Weff (^EsiNch 
Leff V 2d>s 



where is the offset voltage which is an important parameters determining the 



drain current at V„ =0. 
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VOFF, NFACTOR, CIT, CDSC, CDSCB, CDSCD, ETAO, ETAB, DSUB. 

8. Polysilieon Depletion Effect 




_1^ ^ _ qNgateX^pofy 

V poly — —Apoly C,poly — T— 

Z Z csi 

£oxEox — £siE/Jo(y — 2cj£siNgate V pol y 



Vgs — V FB — — V poly + Vox 

3.(Vgs — VfB — — Vpoly)^ — Vpoly — 0 

^ £ox ^ 

2cj£siNgateT ox^ 



Vgseff = VFB + d>s + 



2q£siNgateTox^ L 2£ox XVgs- VFB-d>s) 

£ox ^ y q£siNgateEox ^ 



A 

-1 

/ 



Polysilieon Depletion Effect Model Parameters 



Name 


Units 


Default 


Comments 


NGATE 


cm'^ 


infinite 


Poly gate doping concentration 



9. 



Effective Channel Length and Width 

Leff = Ed rawn 2dL 

-2dw 
■2dW’ 



w = w 

’’eff ’’drawn 



w = w 

’’eff ’’draw 



dW^ 



:dW-+dW^V^,,^ + 



dW,(V^ 



V, 



bseff 



dW’=Wmt+ 



Wz W,., 
+ - 



Win 



Leff — Ldrt 



L" 
,-2dL 



W 



Lwn 



+ - 



WwZ 



pWlnw 



Lwn 




jT T Fz Em 
dL — L intH tT“ "I" ■ 



V 



Lin 






- + 



Lvf/ 



j^L In Lwn 



Effective Channel Length and Width Model Parameters 



Name 


Units 


Default 


Comments 


WINT 


m 


0.0 


Width offset fitting parameter from I-V 
without bias 


WLN 


- 


1.0 


Power of length dependence of width offset 


WW 


WWN 

m 


0.0 


Coefficient of width dependence fo width 
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offset 


WWN 


- 


1.0 


Power of width dependence of width offset 


WWL 


WWN 

m 

*mWWN 


0.0 


Coefficient of length and width cross term 
for width offset 


DWG 


m/V 


0.0 


Coefficient of WefPs gate dependence 


DWB 


M/V'^2 


0.0 


Coefficient of WefPs substrate body bias 
dependence 


LINT 


m 


0.0 


Length offset fitting parameter from I-V 
Without bias 


LL 


mLLN 


0.0 


Coefficient of length dependence for length 
offset 


LLN 


- 


1.0 


Power of length dependence of length offset 


LW 


mLWN 


0.0 


coefficient of width dependence for length 
offset 


LWN 


- 


1.0 


Power of width dependence of length offset 


LWL 


mLWN 

*jj^LLN 


0.0 


Coefficient of length and width cross term for 
length offset 



Other related model parameters : 6Vg,teff and 20Vth 



lO.Source/Drain Resistance 

fi + p r +P [ 'dJ -r ^ 

" (io>,T 



Source/Drain Resistance Model Parameters 



Name 


Units 


Default 


Comments 


RDSW 


ohm • ji m 


0.0 


Parasitic source drain resistance per unit 
width 


PRWG 


\N 


0 


Gate bias effect coefficient of RDSW 


PRWB 




0 


Body effect coefficient of RDSW 


WR 


- 


1.0 


Width offset from Weff for Rds calculation 



1 1 .Temperature Effects 

Fi6f.r) ~ llrtTitiwi +( A>i + Kiu/ L-S+- Kj2 E‘fnjt liT/ - 1) 
Vrtvl Fi — VSifl riMiuih — AT^ T / 7ffl¥m ~ 1 ) 

T 

Riiiu-] 7 1 — fiA*T< Pi if E ) 

7V» » 

Uh n = Uv\ Tnyrrrl i" Uv\{ T ) — t ) 

(J>n'{ I — OIn I + tfAi( T f — I) 
tyi< n = niiMrt'k + Ui \\ T ! Tuvft* — I ) 
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Name 


Units 


Default 


Comments 


KTl 


V 


0.0 


Temperature coefficient for Vth 


KTIL 


m-V 


0.0 


Temperature coef for channel length 
dependence of Vth 


KTl 


- 


0.022 


Body bias coefficient of Vth temperature 
effect 


UTE 


- 


-1.5 


Mobility temperature exponent 


UAl 


mA^ 


4.31e-9 


Temperature coefficient for UA 


UBl 


(m/V)' 


-7.61e-18 


Temperature coefficient for UB 


UCl 


mA^" 


-5.69e-ll 


Temperature coefficient for UC 


AT 


m/sec 


3.3e4 


Temperature coefficient for saturation velocity 


PRT 


ohm-um 


0 


Temperature coefficient for RDSW 



1-1.5 Level 49 BSIM3 Version 3 SPICE MOS Model-MOS Diode Equations 

1 . 1-V model of S/B diode 
ijthVO 



^bs ^sbs 



exp 



V, 



bs 



Nv, 






otherwise 



= ijth + tf* C. - r „, )+ G„.n, 



NV, 



= NV, Inl 



^ ijth ^ ^ 
I 



sbs 



J 



I .h. J q Pq J q 



= 2 - HDIF - SCALM ■ WMLT • (As is not specified) 



Ag =M-As- WMLT^ ■ SCALE^ (As is specified) 



Ps =4- HDIF ■ SCALM ■ WMLT (Ps is not specified) 



P, =M-Ps- SCALE ■ WMLT 



Ag^ : effective source junction area 






effective source junction perimeter 
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SCALE ( SCALM ) : scaling for element (model) statement parameters 



Temperature effect 



JsiT) = JsiT„,jQ^V 



^-^ + X7Y-ln| 



r T \ 






Vt 



N 



Jsw(T) = Jsw(T„,Jq^V 



^-^ + xr/-ln| 



N 



r T \ 






7.02xlQ-^r_^ 

t;„.+iio8 



7.02xl0""r 

E =1.16 

"" T +1108 



2. 1-V model of D/B diode 



Vbs ^ 

V- -> V-, 

’ jsm ’ jam 

^sbs ^sbd 
■^seff ^deff 

Pseff Pdeff 



MOS Diode I-V model parameters 



Name 


Units 


Default 


Comments 


JS 


A/m' 


0.0 


Bulk junction saturation current 
(Default deviates from BSIM3v3=1.0e''^) 


JSW 


A/m 


0.0 


Sidewall bulk junction saturation current 


NJ 


- 


1 


Emission coefficient (not used with ACM=3) 


XTI 


- 


3.0 


Junction current temperature exponent 



MOS Geometry Model Parameters 



Name 


Unit 


Default 


Description 


HDIF 


m 


0 


Length of heavily doped diffusion, from contact 
to lightly doped region(ACM=2,3 only) 
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LD 


m 




Lateral diffusion into channel from source and 
drain diffusion. 

If LD and XJ are unspecified, LD default=0.0. 

When LD is unspecified, but XJ is specified, 

LD is calculated from XJ. LD default=0.75 • XJ. 

For Level 4 only, lateral diffusion is derived 
form LD • XJ. 

LDscaled=LD • SCALM 


LDIF 


m 


0 


Length of lightly doped diffusion adiacent to 
gate(ACM=l,2) 

LDIFscaled=LDIF • SCALM 


WMLT 




1 


Width diffusion layer shrink reduction factor 



§1-2 Small-Signal Model of MOSFETs 














c 


gsov 


= =C„ = 


r 

'-gdov 


VCj, 

1 


X 

1 ! 


'-'sem 

[ ’ 


D 

-( 


, ./ ■ 

1 


1 


n 

s 

Is 


' \ 

Gate poly 


D 

Id 


1 ^ 
1 w 



As=W • Is bottom plate souree junction area 
Ad=W • Id bottom plate drain junction area 
Ps=2(W+ls) perimeter of source juncion 
PD=2(W+ld) perimeter of drain junction 






C,„(C,,„)[=C. L„]=CGSO(CGDO) 



c 



jbs 



^CA- 

J S , 



V, 



.MJ 



+ C., P. 



1 



BS 



JSW* s ^ X MJSW 

' V ' 

^ ^BS 



y 



C. 



Vb^: + forward bias; -reverse bias 

=£si/Xd =£si/V2e7¥r-Vj^D/q^ 

(No) 
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for Vgg — > VgQ 

P ^ P 
^ 



gm 



§mb 






■■2jl 



P„C. w 



DS 



2 L 
_ GAMMA _ 



2 V^s-Vbs 



(sat. region) 
g^ri (sat. region) 



where r\ = 



GAMMA 

2 V*.-Vb, 



1 

— = gds = 



5Vos 



= Mo (sat.) 



Ro,Rs:drain/souree resistanee 





OFF 


FINFAR 


SATURATION 


C. 




WC„.+|C.WL 


WC„.+|C.WL 


C.a 


C,dovW 


WC,,„ +ic.WL 


wc,,„ 


c.. 


0.9C„WL 


0 


O.IC^WL 


Cbs 


C,ds 


Cjb.+A.„WL 


c,b.+|c..„wl 


c,d 


C,.d 


CjM +ic..„WL 


C,M 



Exaet ealeulation of Cg, ’ Cg^ 
and Cgb : 





Typical device 
Transeonduetance (gm) 
versus drain eurrent (Iq) 

gm for BJT > gm for MOS 
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^ In this figure, |Vbs|=0 V does not mean short-eircuited substrate and source! 



Junetion Capacitance Model Parameters 



Name 


Units 


Default 


Comments 


ACM 


- 


0 


Area calculation method selector (Start- 
Hspice specific) 


CJ 


F/m^ 


5.79e'^ 


zero-bias bulk junction capacitance 
(Default deviates from BSIM3v3 = S.Oe'"') 


CJSW 


F/m 


0.0 


zero-bias sidewall bulk junetion capacitanee 
(Default deviates from BSIM3v3 = 5.0e''°) 
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CJSWG 


F/m 


CJSW 


zero-bias gate-edge sidewall bulk junction 
capacitance 

(not used with ACM=0-3) 


PB 


V 


1.0 


bulk junction contact potential 


PBSW 


V 


1.0 


sidewall bulk junction contact potential 


MJ 


- 


0.5 


bulk junction grading coefficient 


MJSW 


- 


0.33 


sidewall bulk junction grading coefficient 


PHP 


V 


PB 


bulk sidewall junction contact potential 



Note that ACM=2 (UMC 0.5|im CMOS) invokes the standard Start-Hspice junetion 
model in pg. 15-40 to 15-51, Start-Hspiee Manual, Release 1998.2. 

For junction parasitic resistance, ACM=2 also uses the equations in pg. 15-40 to 15- 
51, Start-Hspice Manual, Release 1998.2. 

Junction Resistance Model Parameters 



Name 


Units 


Default 


Description 


RD 


ohm/sq 


0.0 


drain ohmic resistance. This parameter is usually 
lightly doped regions' sheet resistance for ACM 1 . 


RDC 


ohm 


0.0 


additional drain resistance due to contact resistance 


RS 


ohm/sq 


0.0 


source ohmic resistance. This parameter is usually 
lightly doped regions' sheet resistance for ACM 1 . 


RSC 


ohm 


0.0 


additional source resistance due to contact 
resistance 


RSH 


ohm/sq 


0.0 


drain and source diffusion sheet resistance 



AC and capacitance model parameter 



Name 


Units 


Default 


Comments 


CAPMOD 




0 


Selects from BSIM3 versions 3.0 3.1 

3.11(version=3.11 is the HSPICE97.4 equivalent to 
BSIM3v3 version3.1) 


XPART 


- 


1 


Charge portioning rate fiag(default deviates from 
BSIM3V3=0) 


CGSO 


F/m 


PI (see 
Notel) 


Non-LDD region source-gate overlap capacitance 
per unit channel length 
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CGDO 


F/m 


P2(see 

Note2) 


Non-FDD region source-gate overlap capacitance 
per unit channel length 


CGBO 


F/m 


0 


Gate-bulk overlap capacitance per unit channel 
length 


CGSl 


F/m 


0.0 


Fightly doped source-gate overlap region 
capacitance 


CGDl 


F/m 


0.0 


Fightly doped source-gate overlap region 
capacitance 


CKAPPA 


F/m 


0.6 


Coefficient for lightly doped region overlap 
capacitance fringing field capacitance 


CF 


F/m 


(see note3) 


Fringing field capacitance 


CLC 


M 


O.le-6 


Constant term for the short channel model 


CLE 


- 


0.6 


Exponential term for the short channel model 


DEC 


M 


FINT 


Fength offset fitting parameter from CV 


DWG 


M 


WINT 


Width offset fitting parameter from CV 



The capacitance model equation can be seen from BSIM 3v3.2.2 manual in appendix 
B.note that capmod=2 and XPART=0 (0/100 charge partition) 



§ 1-3 Other HSPICE Model parameter 
Model Flags 



Name 


Units 


Default 


Comment 


VERSION 




3.11 


Selects from BSIM3 version 

3.0,3. 1,3- ll(version=3. 11 is the HSPICE97.4 

equivalent to BSIM3v3 version3.1) 


BIN EL AG 


- 


0 


Uses wref,lref when set>0.9 


NOIMOD 


- 


1 


Berkeley noise modelfiag 


NLEV 


- 


O(off) 


Star-Hspice noise model flag (non-zero overrides 
NOIMOD)(star-HSPICE specific) 


NQSMOD 


- 


O(off) 


NQS Model is not supported in Fevel49 


SFVTFLA 

G 


- 


l(on) 


Spline function for Vth(star-Hspice specific) 


VFBFLAG 


- 


O(off) 


UFB selector for CAPMOD=0(star-HSPICE 
specific) 



Bin Description Parameter 



Name 


Units 


Default 


Comment 


LMIN 


M 


0.0 


minimum channel length 


LMAX 


M 


1.0 


Maximum channel length 


WMIN 


M 


0.0 


minimum channel width 


WMAX 


M 


1.0 


Maximum channel width 


BINUNIT 


- 


0 


Flicker noise parameter 



Process Parameter 5 
Noise Parameter 7 
NQS Parameter 1 






2 - 1 

CHUNG-YU WU 

Chapter 2 CMOS Process Technology and Layout 

Rule 

§2-1 Typical Submicron CMOS Process Flow 

0.5iim SPDM twin-well polycide-gate CMOS technology 



Major Process Steps: 



1 . Lightly-doped (15-20 ^1-cm , P) p-type substrate , <100> 

2. N-well region definition (NW , Mask #1) 

3. N-well implantation (phosphorus) Fig. 3-1 



phosphorus 



T T T 






T T T 



photoresist 



N-well implantation 



photoresist 



15-20 ohm-cm 
p- substrate 



Fig. 3-1 

4. P-well region definition (PW , Mask # 2) 

5. P-well implantation (Boron) Fig. 3-2 




Boron 



Boron 
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p-well implantation 


photoresist 


p-well implantation 




N-well 

V J 






p- substrate 




Fig. 3-2 



6. Well drive-in with 350 A oxide growth , 1 100°C 

7. Oxide strip. 

8. Pad oxide growth (200 A) ±25 A , 920 °C 

9. Si 3 N 4 deposition (1500 A) ±200 A , 780 °C 

10. Field oxide definition (SN , Mask #3) 

1 1 . Si 3 N 4 and pad oxide etch 

12. Field oxidation (500 A) , 980 °C 

13. P-field implantation definition (PF , Mask #4) 

14. P-field implantation (Boron) Fig. 3-3 



Boron Boron Boron 




1 6. Si 3 N 4 and pad oxide removal 










2-3 

CHUNG-YU WU 

17. Pregate oxide growth (250 A) and eteh away 

1 8 . Pregate oxide growth ( 1 1 0 A) 

19. Threshold adjustment implantation (Boron) Fig. 3-4 

Blanket threshold adjustment implantation 
Boron Boron Boron 




Fig. 3-4 

20. Pregate oxide etching 

2 1 . Gate oxide growth (85 A) 

22. Polysilicon deposition (1500 A) 



23. Polysilicon doped with phosphorus ( 43 ) 

24. WSi 2 deposition (1250 A) 

25. Polysilicon definition (PO , Mask #5) 

26. Polysilicon etch Fig. 3-5 




Fig. 3-5 

27. NLDD implant definition (NM , Mask #6) 

28. NLDD implantation (phosphorus and Asenic shallow implant) 

29. WSi 2 anneal (180 A) 
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30. PLDD implant definition (PM , Mask #7) 

31. PLDD implantation (BF 2 shallow implant) Fig. 3-6 



Boron Boron 

I u 



photoresist photoresist photoresist 




P-well N-well P-well 



P-substrate 

Fig. 3-6 

32. Conformal sidewall spaeer oxide deposition (2000 A) , 700 °C 

33. Anisotropie sidewall oxide etehbaek to form spaeers 

34. souree/drain implant definition (NP , Mask #8) 

35. souree/drain implantation (As) Fig. 3-7 



As As As 




Fig. 3-7 

36. P^ souree/drain implant definition (PP , Mask #9) 

37. P^ souree/drain implantation (BF 2 ) 

38. Low Temperature Oxide (LTO) - Boron - Phosphate Silieon Glass 
(BPSG) deposition (9000 A doped , 2000 A undoped) 

39. Flow, 850 °C 
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40. Contact definition (CO , Mask #10) 

4 1 . Contact etching 

42. Annealing Fig. 3-8 




Fig. 3-8 

43. Plug barrier deposition (Ti 400 A / TiN 1000 A) 

44. Barrier annealing 

45. W Plug deposition 6000 A 

46. Metal 1 sputtering (AlCu 4000 A / TiN 1400 A) 

47. Metal 1 definition (Ml , Mask #11) 

48. Metal 1 etching 

49. Via oxide deposition (2000 A + 5000 A + 2000 A) 

50. Via hole definition (VI , Mask #12) 

5 1 . Via hole etching 

52. Plug barrier2 TiN(1000 A) 

53. Plug deposition2 W(6000 A) 

54. Metal 2 sputtering [AlCu (18000 A) / TiN (250 A)] 

55. Metal 2 definition (M2 , Mask #13) 

56. Metal 1 etching Fig. 3-9 
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Fig. 3-9 

57. Passivation oxide deposition (2000 A) 

58. Passivation Si 3 N 4 deposition (7000 A) 

59. Pad definition (CB , Mask #14) 

60. Alloy 

Total photolithography steps : 14 



§2-2 Typical CMOS layout example 



(1) Well Masking 
NW,PW 



dark 



outside: P-well (PW) 



N-well 



clear 



J 
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(2) Field-Oxide (Thin-Oxide) Masking 

SN(OD) 




(lA) P-Field Masking (PF) 
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(7) Metal 1 Masking 
Ml 



(9) Metal 2 Masking 
M2 




I 



§ 2-3 Layout Rules for Latchup 

Parasitic p-n-p-n (SCR) structure in bulk CMOS : 
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Lumped equivalent eireuit of the parasitie p-n-p-n (SCR) stmeture : 



VDD 




§ 2-3.1 Layout rule of MOS transistors for I/O parts or large 
driver (Based on 0.8|im layout rule) 



1. NMOS transistor • 



(1) A P+ base guard ring should surround the NMOS. The P+ base 
guard ring must be connected to Vss by an unbroken metal line. 

(2) Maximum distance between surrounded P+ base guard ring is 
80p.m (e) 

(3) Minimum width of the P+ base guard ring is 4p.m (a) 



N+ collector guard ring 

(e) 

— P+ base guard ring < 80um 
Vss < 20um 

(d) 



Vss 



I 






> 8um^ 



(f) 

30um'‘ 



P-well 



T — ^ — 1 

N+ 


p; T N. N. pV 

V X J J \ ) 


7 Y 

N+ 


(b) 

>4ura 

N-well 


buting (a) G 

contact ' >4um P 

P-well 


N-well 



P+ 

S .. 

PMOS 
P+ collector 
guard ring 
P-well 



P-substrate 
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(4) Maximum distance between N+ souree/drain areas and the nearest 
p-well eontact inside the P+ base guard ring must be less than 
20|j.m (d ). A butting eontact is preferred if the process is allowed. 

(5) N+ collector guard ring coupled with N-well should be plaeed 
outside the p-well region. The N+ guard ring must be connected to 
V§s by an unbroken metal line. 

(6) The minimum width of the N+ colleetor guard ring is 4p.m(b). 

(7) The minimum space between the P+ base guard ring and the N+ 
eollector guard ring is 8|im(c). 

(8) Minimum space between NMOS N+ eollector guard ring and 
PMOS P+ collector guard ring is 30p.m(f). 

2. PMOS transistor: 




P-substrate 



(1) A base guard ring should surround the PMOS. The base 
guard ring must be eonneeted to VDD by an unbroken metal line. 

(2) Maximum distance between the surrounded base guard ring is 
80|im.(e) 

(3) Minimum width of the base guard ring is 4p,m (a) 

(4) Maximum distanee between P^ source/drain areas and the nearest 
N-well contact inside the base guard ring must be less than 
20p.m(d). A butting eontaet is preferred if the proeess is allowed. 

(5) P^ collector guard ring should be placed outside the N-well region. 
The P^ eollector guard ring should be connected to Vss by an 
unbroken metal line. 
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(6) Minimum width of the collector guard ring is 4|j,m. 

(7) Minimum space between base guard ring and collector 
guard ring is 8|J.m (c). 

§ 2-3.2 Layout rule of internal circuits 



(1) The internal circuit must be separated from I/O transistors with at 
least a double ring structure (with one connected to VDD and 
one P^ connected to Vss). 

(2) It is also recommended that large drivers are surrounded with a 
double guard ring structure. 

(3) In an N-well (P-well), N-well (P-well) contacts should be used as 
many as possible. The maximum distance between a P^(N^) 
source/drain area and the nearest N-well (P-well) contact is 40p.m. 
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Chapter 3 Current Sources and Simple Voltage 

Sources 

§ 3-1 MOS Simple Current Sources 
§ 3-1.1 NMOS Current Sources 

1 . MOS Widlar current mirror 




(M3) Ml : Vffs - Vds ^Ds > ^Gs - Both are sat. 

M2: must be kept in the sat. region 

^out^ ^Gs~ ^r//Or 

L. = I„.n = ^1 T 1 f + ) 

2 {-G J 2 

=-'«3 1 -Gmftl + V.J 

I 

Z [^L 

h^i IS identieal to hd2 — / ^thi ^th2 ^th 

Ai = A2 = A 
II are the same 

4., _ (fr/L), i+Ar.,,, 

!,,r 1+Ar„ 

Idsi ^ ^DS3 ^ I REF IS Called the referenee eurrent . 

It ean be generated by M3 or other input eireuits. 






* ro=rda={^outV 

Remember: 

I 

Ideal eurrent souree: 

( 1 ) /= eonstant , indep. of the loading and 

( 2 ) r^ = oo, 

* To guarantee matehed deviee eharaeteristies, = L2 is 
preferred and long ehannel deviees are used. Wj and W2 
should be kept large enough to avoid narrow ehannel 
effeet. 




* Can be used in the subthreshold poeration. 
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* M4 and M2 must be in the saturation region. 

* M1/M2 (M3/M4) should have matehed device 
characteristics. 

* M4 and M2 must be in the sat. region 
^ Large is required 

^ The voltage swing of the load is limited especially for 
low 



* = r^sl + rds 4 + 0.2 rds 4 U +^4) gm 4 ^ gm 4 ^ds 2 J^ds 4 

High output resistance (by a factor of g^4 Tds4) 

^ Long channel is used for M4 to obtain a large Vds4 

* hut _ ^lL)2^ + ^VpS2 

The output current is still determined by the bottom mirror. 

* To guarantee Vq^ = Vjjs2 and matched device characteristics, 
{W/Ly{W/L\ = {W/Ly{W/L\ is used andLj^L2^Ls=L, is 
preferred. Thus Vgs3=Vgs4 and Vas^h^s2- 

*Note that M3 and M4 have body effect 
^ has3^hGS4 and required Vout T 
^ {W/Lh > {W/L\ 

(W/L)a, > (W/L)2 is adopted for compensation. 



* The resistance seen from the input circuit is much smaller 
than ^ Inbalance r„. 

* Can be used in the subthreshold operation. 






4., _ (W/L),I + XV„, 

^ REF (w/L), i+lr,„ 

V =v 

V =V -\-V 

V 

DS 2 ^ ^ DS3 
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* Inherent inbalance 
/ 



^ REF 



depends on and V( 



GSl 



High precision ratio is not obtainable. 




dsl 



Ms2 



ro=rdsi + r,^i 



If '-.,2 » 



SmlSm3(^ds3 ^OREF ) S ml 

1 

S m2 ^ mbl 

rds2 



+ - 



1 

S m2 S mbl 

^ds2 



g 



m2 






( gm2 + 



: + \l + ( — )[l + f // ;]| 

^'Hlgml) [ gm2+'nigml J 



= gm3( ^ds3 // W )( — Ksl 

gm2 +'nigml 



Assume = g^, = g^ and ri,^0 
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^0= — + r,,, [2 + gj r,,, // w )] 

S m 

= ^dsl \Sm (^ds3 ^OREF 



* The output resistance is nearly the same as that of the 
cascoded current mirror. 

* Only 3 MOS’s are used. 

* Can be operated in the subthreshold region. 



4. Improved Wilson current source 



K. _(W/L),1 + XV, 



GS2 



I,,, (W/L), 1 + XV, 



DS3 



V =V +F -V 

^DS3 ^GS2^*^GS1 ^ GS4 



REF 



(b 



M. 



M, 



+ V 



DD 






- V, 



ss 



Load 

' l— iM 



out 



|M. 



Set 



i.e. 



(W/L), 



'(W/L), 



-(W/L), 



W/L), 



V =v 

^DS3 ^ GS2 



_(W/L), 



I,,, (W/L), 



precise ratio. 



* Inherent balance like the cascode current source. 



* High output resistance. 

* 4 MOS’s are needed. 



(W/L),/ _(W/L),/ 

/(W/L), /(W/L), 



V =v =v 

^DS3 ^ GS2 ^ GS3 



and M3 sat. 
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* Better balanee between load and nodes. 

* Can be used in the subthreshold operation. 

5. High-swing easeode eurrent souree 

A. Conventional type : 




B. With souree-follower level shifter : 




I =7 ^ — (V +AV-V f 

^DSi ^DS3 2 \ TH ' TH / 



IWuC ,,, 

— ^ —^V —V ) 

^ 2 ' TH / 



^V,,, = V,,+2AF 
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^ * The swing of load can be Vdd~ 2aV. 

* M] and M 2 have the same Vdc to obtain a precise current ratio. 



The generation of Vg • 

M5=Mi^Vgs5= Vgsi 

^ (W/L),<(W/L)3 

^GS3 

(W/L)^ is large 

^GS7 = ^ TH7 ^ ^THl 

Choose (W/L)g so that 

^ GS6 ~ ^GS7^ ^ GS3 ~ ^THl 



Vdd 




-Vss 
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§ 3-1.2 General Advantages of MOS Current Sourees 

1. Effective current gain 

^ No dc loading of slave stages on the master stage 
(Unlike the BJT multi-stage current mirrors) 

2. Current ratio = MOS channel geometric ratio 

3. High packing density 

4. lout can be as small as several nA. 

Generally, if lout < ~nA, leakage current dominates the output 

current 

^ The ratio is not constant anymore. 

§ 3-1.3 PMOS/CMOS Current Sources 

All NMOS current sources can be converted into PMOS current sources. They 
can be used in CMOS technology. 



Example: Multi-stage PMOS Widlar current 



source 




-Vss 





* Iout> 10|iA => Vqs > Vx and Id ( V^g— Vx)^, square law 
^ good ratio constancy. 
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§3-2 Supply - Independent Current Sources 
§ 3-2.1 CMOS Peaking Current Source 



CASE I : Subthreshold operation 
In Ml and M3, 



IdOI Id03 ’ 



^GSl IdSiP'‘*‘^GS3 



^DSl “ 



V ^ yi 



T pVos, /nv, 



V ^ yi 









where Ido=Iso/(W/L) 



Cut ^D3 



V L ys 



T pVos3^nv, 




-Vss 




3 - 10 

CHUNG-YU WU 




_ (W/L)3 nv. _ (W/L)3 Ipsiop, 
outm.x gR (W/L), e 



* Power supply independent eurrent with output eurrent proportional to Vj 

* Choose lREF=lDsi=lDsiopt , loutmax Can be controlled by R or (W/L)3/(W/L)i 

* R can be implemented by the n+ source/drain diffusion. 

It can also be made by adjustable resistors. 

* If Iref^Idsiopi has some inevitable variations, the resultant variations on 
loutmax is reduced because dlout/^Iosi arround losiopt is very small. 

* Two-stage peaking current sources can be used to further reduce the 
variations of lou^ax- lout can be used to generate losiopt 

* Process variation and temperature coefficient (positive) on R should be 
considered. 





I 



out max 



is power supply independent, but not proportional to Vj. 
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* Other features are the same as those in the subthreshold operations. 

§ 3-2.2 CMOS Vt Standard Current Source 

Ml, M2, M3 and M4 are operated in the subthreshold region. 

CASE 1: +VDD 






^0, 

W: 



LA /“A, 



'W'' 


1 




1 V / 

1 p _ 




/J 


,i 




c — 

2 


/J3 



Vos./ -(V,-AV™)/ 
/ nv. / nv. 

e ^ ‘e ^ ‘ 



Vj^ - nvj In 






L 






A 



L 



A 



"WUW 

where = GAMMA (^ds + '^r “ ) 



+ AV 



TH 




CASE II: 

M3 is in a separated well( special process )with Vbs^O, Vqs 3 = Vqsj - Vj^ 
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I„,,=[(W/L),/(W/L)4]Ii, 

* The output current is power-supply independent. 

* Since Ir is small enough, the start-up circuit is not necessary. 

* R may be implemented by n^ diffusion or adjustable resistors. 

* Process variations on R should be considered. 

* The temperature coefficient of R is usually positive. Thus Ir is not 
linearly proportional to temperature exactly. 

§ 3-2.3 Constant - Current Source 




All MOS devices are operated in the saturation region 



+Vdd 




If AVxh is small 
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* The gmioad of the load NMOS device is independent of power supply 
voltages and depends upon R and channel geometric ratio. 

* Both temperature coefficient and process variations of R still affect gj„. 

* R can be tuned to compensate its process variation. 

* R can be realized by switched-capacitor resistors for better accuracy 
and tunability. However, clocks and capacitors are required. 

* AVxh due to the body effect of M 3 causes error in 

* R can be moved to the source of M 4 to avoid the body effect. 

'.’PMOS in 0.5p.m CMOS process can have separate n- wells. 

** Requires start-up circuit to stabilize the circuit as Vdd/Vss is 
powered up. Adding Cgtart is a simple way to perform start-up. 

* Requires careful HSPICE simulation and analysis for the start-up circuit. 
Transient analysis using the ramp Vdd waveform. 

Vdd 



0 




§3-3 Simple MOS Voltage Sources (For capacitive loads only) 



s 






( 1 ) 



^s- 

NMOS 



• Vqs Vj3s 






PMOS 



D 



Vdd 

I N-Mni 



■oV, 



^ N-MN2 



• -Vds Vqs>Vqs-Vx 

always saturation in long 
channel or short-channel 
devices 

(2) PMOS version 






I— I 
I— 



■oVi 



H-|MN3 

*~]-Vss 



* For 0.5p.m CMOS technology 
all subtrates are the same p- 
type semiconductor connected 
to ground or -Vgs- 
^ Body effect in Mni and Mn 2 

* For PMOS version, separate 
n-wells can be used. 

^ No body effect, but larger 
chip area. 

* VDD+VSS > VxhmNI "*‘VxhmN3 "*‘VxhmN2 

* IvDD^IvSS °^Vj3D+Vss 



* Mni, Mn 2 , and Mn 3 may have different 
channel dimensions. 



* Output resistance oc l/g^ 




(3) NMOS-PMOS combinations 



+Vdd. 




-Vss. 
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Ideal Voltage Source : (1) Rs = 0 


fZ 


Rs 

■ANv- 


-^ + 


(2) Vout =V = constant 




Vout 


independent of 
eurrent loading. 




O- 






+ o 



At point A, +F,, 
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f (w/l), V 

V -V - -YY Y V 

^GG ''m2 (jYjL\ 



jW/L), 

(W/Ll 



The range of in which both MOS are in the saturation region is 



V -V 

^ GG ^ TH2 



V -V >v > 

^ GG TH2 — 



(WjL), 

iir/i), 



(W!L), 

(WIL), 



or K 



^3v„_ ( (WIL), "' 
■ 3v, \(WiL),^ 

The range for v, is 



iwlL)^ < 1 for high 



V -V 

^ GG ^ TH2 



.y +y <v <. 

^ SS ' ^ THl — ^ I — 



' {WIL), 

(WIL), 



(WIL), 

(W/L), 



Uf (“f ''«) 

' ' Tu r 



Small- signal model: 



^ c 


1 \ 

gm2\ 

^ c 




r ^ 

gml^i 


r 1 


^mb2^o 



,^dsl^^^ds2 



A =^ = -- 



’ S „,2 + Smh 2 + 



S ml 

Sm2+S mh2 



V w r 

' dsl \ \ ' ds2 



if (S,„2+g:nL2)» 






A =- 



SmI ^ 

g,n2 i+^2 



= -0C, 
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If ri^«0 , a, =1 . {GAMMA^ i , T ^ 77, i) 




* The voltage gain is determined by the geometerie ratio. 

Example: {w/Ll =10 {W I L)^ =0.1 a, =1 

^A ^-4Tod = -io 

* The body effeet of M 2 degrades the voltage gain. 

* The de output voltage is dependent on the input de bias voltage or 
equivalently the de operating eurrent. 







* No extra power supply Vqg is required. 



(r/Z \ < 1 for high A 
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3. Split-Load inverter 




Single M 2 ^ « 7 very long channel device 

C ,=-C {L W\=-C ^ 

{Will « 1 ^ c T 

r 1 iljl 

J -3dB 1 

2lt — C,„, 2x ^ W‘C^ (V,,, - )’ 

Sm2 ^ 

G t ; c^, f_,„ i 




split load 

(1) RC time constant i t 

(2) Gain is nearly unchanged 




CJR,//R,,) = R,C.^ 



gs2 
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R 



M 



+ '^C^j'^R,//(U,+R„J] 



4. NMOS Cascode amplifier 



If / =/ 

-^DSl -^DS2 



Vr 



S ml 



A, = -a, 

f Sm2 



If / =/ 

^DSl ^ DS3 



-a. 



A =^ = -a,— 



Yc 

V, 



C =C ,+C,, 

in gsl gd } 



S m3 

f 

1 + 
V 



-a. 



SmI 

S m2 



{W/L\ 

(WjL), 



(Will 

(WIL), 



If g.,=g 

=> c = 

in 

C oc Q Q 

in c> ml ! o 



C — C , + 2C ,, 

in gsl gdl 



+ F, 






DD 



h-M, 

I- 



V 



o 



^Bias O I h“ 






+ 



+0 ^h- 

'h- 

V, 



M 



1 V 



D1 



■F. 



ss 






* Design considerations: 

(1) ^/]), = ^ Smj = Sm 2 (Neglecting the body effect of M 2 ) 

Keep Cin Small , Miller Effect \ 

(2) i^/r) «i^/} gm 3 « gmi ^ Voltagc gam A, f 
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* Gm is the differential output transconductance 
Gm at AVj=0 is the maximum. 



* If operated in the subthreshold region, Gm max = or gm 2 ^~^ 



6. NMOS differential stage 




DC considerations : 

(1) Transfer characteristic : 

(W/L)i=(W/L)2 (W/L)3=(W/L)4 

Source-coupled pair Mj and M 2 
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u C W 



21 



SS 



2 L^‘ 



-(Av,r 



where AVj^ - Vj^ 



^ DS 3 ^ DS I 



^ DS 4 ^ DS 2 



tlC W , ,2 

2 ^ ^ 
a C W , ,,, ,2 

r-n ox / — \ /y _Y _y y 

\ r ^3\ ^ DD ^02 ^ TH4 / 



2 L 



V =V -V 

*^01 ' DD ^ TH3 



L 



2 



V =V -V 

02 ^ DD ^ TH4 



h 



2 



^y =y _y =y + 

O ^01 ^02 ^ TH4 



^ PS 2 _y 

LI c ir 

r n ox / 



r-A 



= /y _j/ j + 

V TH4 ^ TH3 / 



2 L 
1 



I 



DSl 



uC W , 

r n ox / \ 

( ~T23 



2 L 



/ yss ^ PS yss I ‘^ps \ 

j^fV~l2 2 V2 2^ 
2 



= f(I,„AV2) 

=^AVo vs AVj is the voltage transfer eharaeteristie. 

(2) Input voltage limits : 

Positive maximum eommon-mode voltage Vj^m^ 



V =v +V =V -V - 

^ ICM ^ 01 ' THl ^ DD ^ TH3 



L 






+ v., 



(long-ehannel deviee) 



VjcM^ sueh that Voi-Vs=Vdsati (short-ehannel deviee) 
(Ml and M2 sat.) 

Negative maximum eommon-mode voltage Vjcm" 

M5 must be sat. 





(long-channel device) 

Vjcm" such that Vs+Vss=Vdsat 5 (short-channel device) 
Positive maximum differential voltage 

Kd = Kd ~ Kh3 + ,, ^ f / — + Vj-Hi (long-channel 



V =v 

^ ID ^ DD 



V + 

^ TH 3 ' 



device) 

such that Voi-Vs=Vdsati (short -channel device) 
(Keep Ml or M2 sat.) 

Negative maximum differential voltage Vid" 

(3) Input offset voltage 






4-10 

CHUNG-YU WU 
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* If is large and the differential gain is high, 

V - AV 

OS — TH12 

* If and — is large , keep small. 

2W 2L 



V ^(V -V )( 

^ (95 — w G5 ^ TH12 /\ 



AW,. AL 



34 



+ 



12 



2W,, 2L 



12 



oc input overdrive voltage 
* If operated in the subthreshold region, 

exp(^) 

nv, 

Vqs is smaller than that operated in the saturation region. 
This ease is similar to the BIT ease. A/^^) 



(3) AC Gain 



Differential signal 



Common-mode signal 



iH 



M, 



-V: 



id 



H 






1 '^ 

n 



w 
2 



od 



M, 



-Vss 

Half-Cireuit eoneept: 



V 2 

A 5^ 

dm 3 

V 2 

id Q m3 





Common-mode half-circuit: 
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-Sd5 

V 2 

A =^- -a, a, 

V 22 , 

ic <J m 3 

A 9 CT 

CMRR = 

Am gel «1 

* CMRR T 

* When cascoded current source is used for Iss, CMRR t 

But Vs't^ common-mode range i 




7. NMOS source follower 

The voltage gain (midband) is 

A = % — r < ^ 



If r^siMdsJ» — 

S ml 

^A, = aj < 1 , smaller than that of the 
emitter follower. 






V, 



N + 1 



a , 






Sm3 ^ds3 ^ds4 



) 



where N = 



§ ml S m4 



gm3(^^+gm2 + + ) 

a , 



If ^«g„ 



^ds 



§m2 §m4 ? §m3 §ml 



N = - 



S m4 



S m4 



S m3 / 



2p- ^Sm 3 / 



A,, 



2 gm 4 + 






<1 



m3 / 



CMRR= =1 + ^1j^ 



2(1 -N) 2 g„. 
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To obtain a large CMRR , 



gm4 » 




^ =a j < 1 

§ 4-1.2 CMOS Amplifier 

1 . Simple common-source amplifier 




M2 : PMOS current source 




Mj and M2 sat. ^ + 177/2 ^ ^ ^mi ^dd ^dsat2 — — ^dsatj ^ss 





4. Cascode amplifier with PMOS current-source load 
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^DD 



A , = -g„,i[rds3 II ( — gm2rdsirds2)] 

a , 



— Sml^ds3 



f =rds3 IK— gm2rdsfds2) 

a. 



= r 



ds3 



^BIAS2 

To master stage 
of current mirror 





■F, 



ss 



* PMOS devices can be used as cascode amplifier whereas NMOS device as 
current source. 



5. Cascode amplifier with PMOS cascode current-source load 



A, =-g„i[(— g„3r,^4r,^3) IK— g^2r,^ir,^2)] 

_ 1 2 
gmlgm^ds 

2a 

if tt3 = ttj = a 

gm3 =g m2 §m 



1 2 
r — — 2 r 

o rs o m ds 

2a 

* Larger r^ and 

* Limited output voltage swing 
^High-swing cascode current source is preferred 





6. Folded cascode amplifier 
Ml: CS amplifier 
M2: CG amplifier 
Optimal operating point: 

I = I = — = I 

^DSl ^DS2 2 DS3 
gml gm2 

(to avoid large Miller capacitance at input) 

A, =-g„l{rd,3 l|[gm 2 Kdsl IKdsIl)rds 2 ] } 

— §ml^ds3 
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* Nearly the same and ean be aehieved as the caseode amplifier 

* Less deviees in easeode at the input CS amplifier 

^M1 ean be easily operated in the saturation region 



7. Improved easeode amplifier with eurrent injeetion cireuitry 



eonventional easeode amplifier 
Av = -gmlLsS 

T until subthreshold 

M3: eurrent souree as load 

M4: eurrent- injeetion eurrent souree 





To inerease ^ 1^54 T and -I 
* Higher voltage gain and the same r^, 




* Extra deviee M4 and extra power dissipation 

* Firstly, design the eireuit of Ml, M2, and M3. Then add M4. Readjust the 
ehannel dimensions to keep the de bias so that all devices are in saturation. 



8. Differential amplifier with PMOS load 





CMRRs 

1 



A 



dm 



A„ 



2 g. 
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Sd5 ■ ^1 



Tod = 



r„„ = - 



gm3 

1 

gm3 



*Matched devices for 
* A^j„ < 1 can be achieved 

9. Different amplifier with PMOS current-source load 



+ V. 



DD 



Mj, M 4 :Two slave stages of the current mirror 
=> current-source load 



M,t|| 8- 






-^dm — gml(^dsl ll^dss) 



A cm = -^;^(rds3 llgmfdssrdsl) 



2 r, 



ds5 



ibJ "_L 

+ 0 M, 



CMRR = 2gmi(rjsi || r ^^^ )tj 



ds5 



V 



71 



h r 

— ■ — 



-O-f 



G 2 



^dds3 



•g„, T. rd.G=> CMRRT 



' A^-n, < 1 is preferred => r^^^ > r 






F, 



‘ 55 



BIAS\0- 1^ Mj 



_Lr 



■Y 



ss 



ds 3 



* I ss can be realized by cascode or high-swing eascode current souree to increase 



^ 1 ^ 



^ds 5 



>d5 



10. Differential amplifier with PMOS current injection circuit 



+ V. 



DD 



F, 



bias: 



If I gg remains unchanged, gml=gm2 the same. 
But gm3=gm4 is reduced by if 

•v2 

Ids 3 = Ids 4 is reduced by half 
^ A,^ T by V2 




BIAS 2 




1 



1 
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r. 7 = r. „ » = 

QS7 QSo A 

gm3 gm4 
CMRR is the same. 

* If Mj and M 4 are current-souree loads , could be increased? Why? 
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1 1 . Diffemetial cascode amplifier 



+ V, 



DD 



* Higher A, 



dm 



*4 MOS devices stacked 



1 

2 



Vdd + Vgg might not be enough to 
maintain all the devices in saturation 
when low supply voltage is used. 




12. Differential Folded easeode amplifier 



*To retain the characteristics of cascode 





13. CMOS differential-input to single-ended-output converter. 
Version 1 : NMOS input 
DC operating point : 

It is better to keep Vgof. = - Vqji 

for better current-mirror balance. 

Common-mode range : 
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^ICM ^DD ^THN ^GSl 



: V -I- V - 

DD ^ THN 



L/2 



i^pCoxpTw^ 



-V 



THP 



V L yi 



V — = V +V — V 

ICM GSI ^ BIAS THN 



lo/ 


'2 


PpCoxn 1 


rwA 



+v. 



V L y, 



Differential-mode range : 




' Id 



ini 



- + v. 



V. , = ^-1- V. 

m2 /-k i( 




• Exact and can be solved. 



A 



dm 



Sdl Sd 



A„ 



gogd 



CMRRs 



A 



dm 



A„ 



gmig 



iOml 



gog 



2gml (gdl gdi ) 

output resistance r^ = 



1 



di 



gdi+g 



di 



* Longer channel in Ms leads to smaller g^, and higher CMRR. 

* or (IJ-"” => higher bias current, lower gain. 

* In the weak inversion region, g^^j oc lo => A ~ constant. 



* Cascode current source can be used for lo to increase CMRR,but Vicm i 
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approximated by a differential eireuit and half -eircuit analysis method ean be 
used. 

* Signal paths: 

V;„1 : 

• Ay -“gmi 

gml 

Vgsi^v„: A," =-g^,(r,^i//r,J 

^ A,|, _ =A,'A," =g^i(r,^i//r,J = A^ 

How about V;„i ^ Vj ^ ? 

V ;„2 : 

Vin2^v„ : A,|,i„2 =-g„i(r,^i//r,,i) = |A^| 

How about V ;„2 ^ Vj ^ ^ v„ ? 

The voltage gain of the four signal paths have nearly the same amplitudes. 

But different signal paths affect the high frequency response. 



Version II: PMOS input 



V 



DD 



* Lower noise(l/f noise) due to input PMOSs 

* Lower output do voltage 







-vss 

14. The available amplifier eireuits in CMOS trechnology 



1) . NMOS amplifier in 4-1.1 

2) . PMOS amplifier with the same configurations as in 4-1.1 

3) . CMOS amplifiers (NMOS version) in 4-1.2 

4) . PMOS version with the same configurations as in 4-1.2 
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Comparisons: 

1) NMOS(PMOS) amplifiers versus CMOS amplifiers 





single-type MOS amplifier 


CMOS amplifier 


Voltage gain 


Low 


High 


Output resistance 


Low 


High 


Immunity to process 
variations 


High 


Low 


Power dissipation 


High 


Low 



2) NMOS amplifier (CMOS amplifier with NMOS version) versus PMOS amplifier 
(CMOS amplifier with PMOS version) 

1 .Better frequeney response 
2. Smaller chip area 



3) Differential amplifier versus single-ended-output amplifier 

1. Excellent common-mode signal rejection capability 
Common-mode signals: external noise, dc voltage due to variations, 

power-supply noise, substrate noise. 

2. Good for weak signal amplification in noisy environment. 

3. Wide applications especially in high-frequency ICs. 

4. More component used ^ Higher power dissipation and larger chip area. 

5. Matched devices are required ^ Special care is need in layout and process. 
6.1/0 testing requires special I/O external circuits or equipment. 



§4.2 Passive-Load MOS Amplifiers 

§4-2.1 Resistive-load MOS amplifiers 
1 . Resistive-Load MOS amplifier 
Av = -g^iR , C - R 

* Low voltage gain and low 

* If R f , Ml might be in the linear region. 

* Only used for low-gain high-frequency amplifier. 
V Parasitic capacitance of R is smaller than that 

of the current-source active load. 

* Process variations of R might be ±20% . 



Vdd 
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2. Resistive-load MOS phase splitter 



+ Vd 



A 



''VI 



y. 



= -a, 



R. 



Ri 



A 



_ ^02 „ ^lSml^2 



V2 



V. g„,iR2 + cXi 



Tol = Rl 



^o2 — R 2 



+ o- 

Vi 



-o + 

Vol 



-o + 

Vo2 



g„ 



R2 



* Rl and R2 can be chosen so that A^j = A ^2 



^ Phase splitter 
Process variation 
3. Resistive-load differential amplifier 



■Vss 



* Process variation effect of Rl and R2 on Ayj and Ayj is reduced. 

-h Vdd 



* Suitable for low-gain low-r^ high-frequency r: 

amplifiers. 

* Igs can be generated by the constant-gm current 

source with o — | K 



:r 



+ - 

-o o- 

Vo 



^IssOr gml>gm 2 °^ 



^ = -g^iR 



1 



Rco 

R 



+ 

Vi 



Ml 



M 



R 



^ Process variation of R and temperature 
coefficient of R can be compensated. 



(t) 



-Vs! 



-H Vdd 



§ 4-2.2 Inductive load MOS amplifier 

1 . LC-tank MOS amplifier 

* If L is implemented by on-chip inductor, only 
-GHz RF operation is allowed. 

* L combined with the parasitic capacitance Cp 
and the capacitor C to form a LC tank. 

^ Narrow-band amplifier or tuned amplifier. 
^Bandpass amplifier with frequency selectivity. 





§ 4-3 Level shifting cireuits 
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Purpose: to provide a dc voltage differenee between input and output signals 
so that the dc level of the output signal is acceptable for the next amplifier stage. 

At low frequency operation below several tens MHz, dc blocking 
capacitors are not effective in blocking the dc voltage and passing the 
ac signal. 

DC blocking capacitor: 





At 10MHz,w= 6.3x1 0’rad/sec 

CASEl: IfC=10PF, — = J_xl0"a = 1.6ka 
we 6.3 

To obtain 1% signal attenuation, we have 





2 R 




The values of R and C are reasonable. 
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Vi=V + 






(W/L), 



A 



V (W/L)j « 1 and (W/L) 2 »l =>large enough V* 

V; = V* independent of I; 

* Vj (dc voltage shift) ean be stabilized by ehoosing a large (W / L )2 and a stable 




ig = is not large sinee (W / L )2 » 1 . 

Sm2 



=> Better frequeney response. 

4. Repliea bias eireuit +Vdd 




* Provide a fixed bias voltage Vy = at the input node to stablize the 
preeeding stage. 



* Provide a DC voltage shift of Vy - Vx 



* The output resistanee looking into the OUT node is very small 
(r. = — II — ,(W/L)„,(W/L).»1 => r. 4.) 

Sm2A g m6 

* The matehing between Mj(M 3 ) and Mj^(M 5 ) is very important to stablize 

Vy. 



§ 4-4 MOS Output stages 



§ 4-4.1 Requirements 
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(1) Suitable power and voltage swing to drive an adequate external load equally 
in both positive and negative direetions. 

(2) Acceptably low levels of signal distortion. 

(3) Minimum output impedance. 

(4) Low quiescent power dissipation and maximum efficiency. 

(5) High frequency response. 

(6) Buffering the previous gain stage from or 

§ 4-4.2 NMOS (PMOS) Output Stages 



1. Source followers (Enhancement device) 
* Voltage swing: 

+ 

V omax — Vj - Vq 5 j 

“ ^DD ~ ^TH3 ~ '^GSl ^THl ) 

(not full level to Vdd) 

V omax — ~^TH2 (^2 

= -Vss (M, ofO 




Sml 

Small Tq Need large (W/L)j and Ipsi 




* The rise time is decreased by the larger (W / L)j 
But the fall time is fixed by Iog 2 



=>Unsymmetric driving capability. 

* Provide a dc voltage shift and a voltage gain smaller than 1 



2. Phase-splitting output driver 
* voltage swing: (low) 

V ‘"=V -V -V 

•^omax *DD '^TH3 *TH5 

(M2 and M4 are off) 

^omax “ ~^SS ~ ^GSl ^TH4 (M4 Sat.) 

“ ~Xis ^DS4 ^ ~^SS 

(maximum) 

* Fall time is not limited by the current source. 








* The W/L ratio of Ml, M2, M3 and M4 can be suitably designed to satisfy the 
specifications on (1) voltage gain ; (2) output swing ; (3) power dissipation ; 
(4) chip area ; (5) fast transient ; (6) good frequency response. 

((5) and (6) involve non-linear analysis ) 





saturate the transistor. 
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Chapter 5 Midband Analysis of CMOS Operational 

Amplifiers (OP AMPs) 



§5-1 General Considerations 

§5-1.1 General Procedures to analyze an OP AMP IC 

1. Identify all the biasing eireuits (eurrent & voltage). 

2. Identify all the proteetion eireuits and then take them away. 

3. Caleulate all the operating eurrents and voltages. 

4. Trace the signal path and identify the amplifier, buffer, level shifter, 
and output driver configurations. 

5. Calculate the midfrequency gain. 

6. Identify the compensation circuits. 

7. Calculate the high-frequency response. 

8. Perform the SPICE simulations to obtain the performance 
parameters. 



§5-1.2 Some important OP AMP Specifications 



1. Open-loop differential gain A^fcoJ. 

2. Open-loop common-mode gain A/coJ. 

3. Common-mode rejection ratio (CMRR) 



CMRR((0 ) 



AJ(o) 




dv 

10 




A((^) 




dv 

ic 





where is the input offset voltage 

is the input common-mode voltage 



4. Output swing. 




5. Unity-gain frequency/,. 

6. Upper 3-dB frequency 

7. Power-supply rejection ratio (PSRR). 
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PSRR^(co) 



A/o)) 



dV 



au 



fcoj 



dV. , , 










Vo^O 



PSRR-((0) = 



AJ(o) 



dV 



au 



^(coj 



dV , , 




dV 

^ ^ ss 





8. Slew rate and settling time 

Slew rate: Maximun — in an unity-gain close-loop OP Amp 

dt 



with a fixed step input under maximum load. 

Settling time: The time required for the OP AMP in an unity-gain 
closed loop to reach ~% of its final value with a 
fixed step input under maximum load. 

9. Linearity and harmonic distortion 
Usually dominated by the output stage. 

Closed-loop characteristics. 

10. Equivalent input noise and input offset 
Usually dominated by the input stage. 



§5-1.3 General Block Diagram of an OP AMP 




differential-input- 

to-single-end-output 

converter 



To provide 
high gain 



To provide 
small r or to 

O 

drive large 
or small 







§5-2 One-Stage (Single-Stage) CMOS OP AMPs 
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§5-2.1 Single-ended-output OP AMPs 



1 . Simple OP AMP 

* Inverting input: 2 
Noninverting input: 1 

* Open-loop voltage gain 



V 



■^d S niN (^dsP ^ ^dsN ) 

V, 




* Open-loop output resistance 



r = 

o 



r // r 

' dsP " ' dsN 




Close-loop output resistance 



r = 



r // r 

' dsP " ' dsN 







The closed-loop output resistance is independent of the open- 
loop output resistance. 

* The dominate pole is located at the output with the RC time 
constant r„C^. 

* ^ j ~ 1 00, Power dissipation ~ p,W, ~ MHz. 

Suitable for small-load internal-use applications. 




* Cannot drive heavy load. 

Output swing. | ^ ~^$s ^dsatn 



5-4 

CHUNG-YU WU 



2. Teleseopic easeode OP AMP with easeode-eurrent-souree load 
* Open-loop voltage gain 



A = -gmN( gn.Nf^'dsN // g dsP ) 

* Open-loop 

Close-loop 

1 

r = 

oc 

g mN 

* In the unity-gain feedbaek, 
the node 2 is eonneeted to 
the output node. 

^ M 2 and M 4 sat. 




F = F 



BIAS 



K 



TH4 ’ 



V 



= v + v =v 

' X ' ' TH2 ' BIAS 






GS4 



TH 2 



Output swing = ) < F,^, 



Too small output swing 
Not suitable for unity gain buffer. 
* Limit output swing: 



V 


- V 


^ DSAT8 


^ DSAT6 



^-V -i-F-i-F +V 

^ ^ ^ ^ DSAT2 ' ^ DSAT4 



3. Teleseopic easeode OP AMP with high-swing cascode-current- 
source load 



60 
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* Higher output swing 

* Not suitable for unity-gain buffer 




4. Teleseopie easeode OP AMP with gain-boosting (or enhaneed- 
output -impedanee) eireuit 
1) Basie eoneept 




The input resistanee is lowered by ^ times. 
Suitable for eurrent input beeause of small r,. 
^ High injeetion effieieney 
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Example: 





If the output resistanee of D is not large, e.g. r^=10Kfl, 

We need r < lOOQ to obtain I - 1 — ^ 99 % Qp / 

' " lOKQ+r 

i 

^ 99 % injeetion effieieney and stable photodiode reverse bias 

^ BIAS 

The output resistanee is boosted by ^ times as eompared to the 
easeode strueture without^. 

No extra easeode deviee is required 
^ The swing is not further degraded. 

Offset voltage problem 




^ Vi = 14mV and Mj is turned on to provide negative 
feedbaek. 
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But if Fps = -5mV 
^ ^Gss = 0.9V smaller than 
^ Mj is off and the eireuit fails. 

So suitable systematie offset should be introdueed to make 
sure that Fq^ > 0 
* Realization 




2) Current mirror with enhaneed-output-impedanee eireuit 
A: The Saekinger implementation 
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* Low swing 

* L = Hros2)\ 



* Minimum required 

^out ~ ^GS6 ^GS4 ■ ^TH4 

* Vgs 6 = Vgs5 Vdsi ^ ^DS2 prccise eurrent ratio 
B: High-swing implementation 



+v. 




* Add extra devices Mj and Mg to decrease and 

* V ^ V - V 

^ DSl ^ GS5 ^ GS7 

^DS2 ~ ^GS6~ ^GS8 

* High swing 

Min = Vgs6 - Vgs8 + 

* hut ^ ^REF 



^Dsi ^ ^DS 2 ^ precise ratio 
3) OP AMPs 

A: Using the gain-boosting circuit in 
cascode amplifier 

* ^ gm 4 is increased by A times. 

* The effective resistance seen by 
My and M 2 is lowered by A times 
^ The gain is lowered by A 
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times. 

^ Has much less Miller capacitance at the input while 
keeping Mj and M2 saturated. 

* seen by Mj and M4 is increased by A times Gain 
boosting 

* Realization 



Why/,,,? 

+ 

V. 



The amplifier A is realized by fully differential folded 
cascode amplifier 
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B: Using the gain-boosting circuits in both cascode amplifier and 
current-mirror load 




5. Folded cascode OP AMP 
1) PMOS input 




* Higher power dissipation than the telescopic cascode OP 
AMP 

* Higher input equivalent noise and input offset voltage 

•/ More devices are involved. 
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* Higher Vjc^ range and higher output swing. 

* Lower voltage gain as eompared with the PMOS-input 
teleseopie easeode OP AMP Why ? 

* Lower 

2) With the gain-boosting eireuit 




§5-2.2 Fully differential OP AMPs 

1 . Simple OP AMPs 





^ _ CC/dsP 

cm= 

2r 
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CMRR 



2r 



* Power supply noise gain 



F. 



ivdd 



|—G> 






M, 



L 8 
> 



' oREF 



-o F 



ovdd 



HC"< - 



2r 



V. 

IVS 

<2> 



'^cvddm — ~^S mP f^dsP S mN )^dsN ] [ 

1 



1 



A =+(- 

cvssm \ 



Sn 



2r + 



1 



)[ SmN (^dsN ^dsP )J 



SmP^oREF ^ 

r, „ // r 



j ~ ~ j 



_ dsN " dsP 



2r + 



1 



PSRR + : 



S mN 

I -^dm I _ SmN ( ^dsN ^dsP ) 



s„ 



PSRR- 



am 



S mP ^dsP 

gmP>gmN for large 

SmN( ^dsN // ^dspX 2r, + —) 

S mN 

(^dsN ^dsP ) 

PSRR- > PSRR+ 



— ^SmN^o 



PSRR+ for is not high enough. 

* Commond-Mode Feedbaek (CMFB) is required to deerease 
and increase CMRR. With CMFB circuit, PSRR T. 



2. Telescopic cascode OP AMPs with cascode or high-swing 
cascode current-source load 
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cascode 


high-swing cascode 


Output swing 


Low 


High 


PSRR+ 


7 


7 


PSRR- 


High 


High 



3. Telescopic cascode OP AMPs with gain-boosting cascode 
amplifier or current-source load 

* To obtain maximum swings at the output, A 2 must employ an 
NMOS-input differential pair (high output dc voltage) 
whereas an PMOS-input one (Low output dc voltage) 

* Very high voltage gain 
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4. Folded cascode OP AMPs with cascode, high-swing cascode, or 
gain-boosting current-source load 




§5-3 General-Purpose Two-Stage CMOS OP AMPs 
§5-3.1 Single-ended-output OP AMPs 



1 . PMOS-input design I 




Miq, Mj : Master stage of PMOS current mirror. 

Mj, M^, Mg : Slave stages 

Mj, M 2 , Mj, M 4 , My Differential-input-to- single-ended - 

output converter (input stage) 

Mg, Mg : CS amplifier with current- source load (gain stage) 
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Mj, Cc : Compensation circuit with source follower. 

OP AMP Characteristics : 

Open-loop dc gain: 60 ~ 66 dB 
CMRR : 60 dB 

2. PMOS-input design II 




Cc : Compensation capacitor 
R : n+ diffusion resistor 
* First commercial CMOS OP AMP 



* Designed by Motorola in 12-bit ADC. 

3. NMOS-input design with level-shifted CMOS amplifier 




C 2 : for PSRR ( consideration. 
Cl : normal compensation capacitor 
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Reference : IEEE JSSC, vol. sc-14,pp. 961-969, Dec. 1979 
* Designed by AMI in PCM voiee CODEC. 

OP AMP characteristies: 

Open-loop gain : 90 dB 

CMRR : 73 dB 

PSRR+ : 68 dB 

PSRR- : 70 dB 

Input offset : 10 mV (standard deviation) 

0.4 mV (mean) 

4. Typical characteristics of CMOS 2-stage OP AMPs 

Reference : IEEE JSSC, vol sc-17,pp. 969-982, Dec. 1982 
Open-loop dc gain (C^ only) : 10^ ~ 10"^ (60 dB ~ 80 dB) 

PSRR : 60 dB ~ 70 dB 

Input offset : 2 mV (standard deviation) 

Input common-mode range : within IV of supply 

voltage. 

5. Output Transconductance Amplifier (OTA) or current-mirror 
OP AMP 

Reference : IEEE JSSC, vol sc-19, pp. 349-359, June 1984 





My, Mg 

Ml ~ M 4 , Mg 
M5 ~ Mg 



: PMOS current mirrors 
: NMOS current mirror 
: Input stage 
: Gain stage 
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6 . 



AVi„ (input differential voltage) ^ Af ^ KAI = 



G 



m 



AV. 

in 



= n K 

O m 



2KAI = I^ 



Characteristics : 

Open-loop gain : 58 dB 
Total dc current ; 4p,A 
Output load capacitance ; ~10pF 

* DC power dissipation can be decreased. 

Micropower ICs for low-power applications. 

* Frequency response, slew rate, and output load Q are 
limited. 

Modified OTA 



+Vdd 




-Vss 
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* Higher and higher open-loop voltage gain. 

Gm = 2g^t2(rds34 II ^dsll) Sm56 

* Frequeney eompensation is required. 

* Designed by Toshiba in C^MOS ADC. 

Reference ! IEEE JSSC, vol.sc-1 3, pp. 779-785, Dec. 1978 

* ( M 7 ) is matehed to { Mg) => The effeet of 
variations on and Mg ean be redueed. 

§ 5-3.2 Fully differential OP AMPs 

1 . Simple OP AMP 



+Vdd 




-Vss 



* Open-loop gain = g^niifdsii 1 1 ^dsSd) Sm56f ds56 I I ^ds7s) 

* Frequeney eompensation is required. 

* CMFB is required. 
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2. High-gain OP AMP 



+Vdd 




-Vss 



* Higher gain because of high-swing cascode current- source 
load. 

* If high-swing cascode current source is not used, the 
design of Mg and M^q is difficult. 

^GS910 ^ ^DS78 ^DS56 

3. General comparion 





Gain 


Output Swing 


Power 

Dissipation 


Speed 


Noise 


Telescopic 


Medium 


Medium 


Low 


Highest 


Low 


Folded Cascode 


Medium 


Medium 


Medium 


High 


Medium 


Two-stage 


High 


Highest 


Medium 


Low 


Lowest 


Gain-boosted 


High 


Medium 


High 


Medium 


Medium 
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§ 5-4 General-Purpose Three-Stage CMOS OP AMPs 

1 . Using the emitter follower as output stage 

I; 



+Vdd 




M^, Mg, Cc ! Frequency compensation circuit 

Q 2 : Protection circuit for Qj to avoid the reverse 
breakdown of B-E junction diode of Qi. 

Qj, Mjq ; Emitter follower as output stage. 

* Designed by Westinghouse for analog signal processing. 

* Open-loop gain = 60db, power dissipation = 1 6mW. 




II. 
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+Vdd 




-Vss 



Ml 0, Mil, Cl : Frequency compensation circuit. 

C2, C3 : Improving frequency response of Av and PSRR. 

§5-5 Common-Mode Feedback (CMFB) Circuits 

Purposes : 1 .To provide a stable common-mode level to the nodes. 

2. To decrease the common-mode gain. 

Design Considerations : 

1. To create a negative feedback path only for 
common-mode signals. For differential signals, 
CMFB has no effect on circuit performance. 

2. To keep power dissipation and chip area of CMFB 
circuit as low as possible. 

3. CMFB is not required in single-ended-output OP 
AMPs. But it can be used to boost CMRR. 

4. CMFB is required in differential-output OP AMPs. 
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§5-1.1 CMFB circuits for single-ended-output CMOS OP 
AMPs 

1. Reference : IEEE JSSC, vol. sc-13, pp. 779-785, Dec. 1978 



DD 




Mg, M 9 , Mjo, Mji : CMFB circuit 



M 9 = Mio = M 4 = M 5 

* IN+, IN- T ^ X, Y T ^ common-mode voltage T 

IN+, IN- T^bT^CT^X, compensation 

* For differential signals, A and B are ac grounded 

^ CMFB circuit has no effect on differential signals. 

* What is the purpose of Mg ? 

* Designed by Toshiba in C^MOS ADC 

* OP AMP characteristics : 

Supply voltage : 5V 

Supply current : 150|iA 

Input common-mode range : +1 V ~ +4.5V 

Input offset voltage : ± ImV 

CMRR : 75dB 

Open-loop gain : 90dB 

Output swing : 0 ~ 5V 
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2.Reference: IEEE JSSC , vol. sc-14, pp. 38-46 , Feb. 1979 

+ Vdd 




Qi, I 2 , Cp : Frequency compensation circuit 
Mg, M 7 M 9 Mg, M 5 : CMFB circuit. 

* IN+ , IN- t X, Y I ^ common - mode voltage i 



^Af^B Yf ^compensation. 



* 



* 



* 



For differential signals, A is ac grounded. 
^No effect on differential signals. 



Keep Ipsg Ids 7 25 



DS9 Ids8 Ids5 



50 



and Ids 3 Ids 4 25 

Designed by MOSTEK in PCM Codec. 
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5-5.2 CMFB circuit for differential-output CMOS OP MP 

1. Reference : IEEE JSSC , vol.sc-18 , pp. 652-664 , Dec. 1983 



MN5 






V 



+ °- 



MN6 



MN4 



+ Y 



MN5A 



MN4A 






DD 



MPl 



MP2 



MPIA 

P — ° V, 



BIASl 



MP2A 
D ° V 



X 



Y. 



MN2 



BIAS2 



MN2A 



fB 



MNl 



C 



MNIA 



A 



MN3 MN3A 



_o — 

Vo 

-o + 



V 



BIAS3 



V 



BIAS4 



+ Y 



ss 



MN3 , MN3A : CMFB circuit 

* Common-mode signals at X,Y't^ A B, C X,Y i 

*For differential signals , A is ac grounded. 

*Why MN4 and MN4A? 

* Output swing is deereased by MN3 and MN3A. 

To reduce the effeet , MN3 and MN3A ean be operated in the 
linear region. 

*Output CM level is still a function of device parameters. 
*Under differential signals , due to nonlinearity , A is not 
exaetly ae ground ^ differential charaeteristies are changed. 




3. Resistive CMFB circuit 

*For differential signals, 
A is ac grounded. 

^dm ~ Smui^dsU ^ ^ ^dsM 

is decreased hy Rj, 
*For CM signals, 

1 



+Vdd 






-a 



12 






m34o 

a, 



smaller than - ^ II ) 

2C 

^ CMRR T 




-Vss 
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4. Dynamic CMFB (DCMFB) circuit 

V 

DD 




Reference: IEEE JSSC, vol. SC-20, pp. 1122-1 132, Dec. 1985 
VcMo ^ <Pi-> : CMFB circuit 

Mj ~ Mg : current sources associated with CMFB circuit 

* DCMFB versus static CMFB 
1 .Less power dissipation. 

2. Has no effect on output swing, noise, and speed of the OP AMP. 

3. , 02 nonoverlapping clocks are required. 
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Chapter 6 Frequency Response of MOS Amplifiers 



§6-1 Single-Stage Amplifier 

§6-1.1 Source follower 



0-WVrl 



-i-Vdd 






High-frequency small- signal equivalent circuit 



Ml 



Vi 



Cx-^. 



Vbias 



Av(s) 

_ Vo(s) 



Vo 

^-o 



M2 







-Vss 



sCg,i+g„i 



Rs(C..,C,.,+C„,q„+q„C,.,)s= +(4 =^RsC,„ +C„, +C,.,)s + g..,/a, + G„, 

^ 1 



where GLeq=gdsl+gds2 , CLeq=CL-l-Csbl+Cdb2 
* Left- Half- Plane (LHP) pole: fp 



^Leq “*“§ml 



27t(qsi+CL.,) 



LHP zero: fz 



2tcC 



gsl 



In general, fpU fz CLeqD Cgsi 
* If — = — 1)h — we have 



Leq 

^gsl §ml 



tp = fz and Av(s)= 



C 



gsl 



C -I-C 

^gsl ^ ^Leq 



= 1 indep. of s. 



[] >Better high frequency response. 
How to achieve this? 

Adding an extra capacitor Cx such that 




Cx+Cgsi — C lc 



(— - 1 )+-^ 
a, a„, 



CgsiS + g„i 



Ii(s) C^,iS aslS(GLe,+gri,l + SCLeJ 



ll(Cgdis) 
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= If gmbi+GLeq« CLeqS and Cgdi is neglected, 

1 1 a 

Zi(s)= + + , 

The input impedance consists of the series connected 
Cgsi, CLeq, and the negative resistance 

rq 1 

Thus oscillation is possible. 



* If gmbi+CrLeq is ncglccted, the equivalent input capacitances 



Cin=Cgdlllcir 



Cin'=CLe 



'Leq , gml 



For large gmi, Cin'Q □ CLeq 

The large load capacitance Cl is well blocked or buffered from the preceding stage. 



Zo(s) = I v/=o = ^ 

G -i-g -i-sC -i-(sC -i-g ) " 

Leq g„tl Leq ( gsl R ^ (C + C^,, S) + 1 



* If s = 0 , Zo = Ro 



§ml Sirb 1 



If 00 , Zo’(without CLeq)= Rs for RsQ 



GLeq+gml 



■ and Cgsi^^Cgdi 



Since usually RsQ 



gml+g nb\ 



,we have 
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CrLeq=gds 1 +gds2+gm2+gmb2 
CLeq— Cdbl +Cgs2+Csb2+CL 
Applying the Mi ll er's theorem, we have 




Cin— Cgsl+Cgdl(l+gml/CiLeq) 

□ >Av(s) = 

* Right- Hah- Plane ZeroO Sz=gmi/Cgdi 

* Left- Hah- Plane Poles Q Spi=Q Gs/Cm (input pole) 

Sp2=n GLeq/(CLeq+Cgdl) (oUtpUt pole). 

If Cgdi and CLeq are smaU [] >Spi is the dominant pole. 

* If Cl is large, the dominate pole is Sp2= (gm2+gmb2)/CL 

* The input impedanee ean be approximated by 

Zin= -p =j- near the upper 3 dB frequency. 

^gsl §ml ^^gdl ® 

* The exact Zin is 

Zin= Cgsisll 

If tAiG+Cl.,)* «land □ □ (l-hgm^), 

^Leq ^Leq ^ Leq 



1 + — (Cgdl+C^eqA 

^Leq 

Cgdls(l+gm + ^LeqS) 

'^Leq '^Leq 



^s(®^gdl Sml) 

(sC,„ + G,)[s(c“^ + C^,,)+C,^,; 



Zi n can be approximated by the previous formula. 




§ 6-1.3 Cascode ampUfer stage 
-i-Vdd 



Rs Vi Cgdl 



M3 Vin^ Cgsl*T^ gmlVl(^ 
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► Cdbl 

► “ 

» f 

rdsi 



> Cgs2-|- 



J;Csb2 



Vin^ C 



Gp ^ 

I |(gml-sCgdl)v| 



(^^§1112^2 ✓pCLec ^^ l/gm3 



rds 2 , rds3, gmb 2 , gmb3 are neglected. 





§2 


Sm2 ' 


+ — 








Lsi 


C2 = 


Ce. 


+ (1 + 


Sml 

^^gdl 








§ m2 


C2 = 


c,. 


+C,M 


+c +c 

~ gs2 sb2 


C^e, 


=C, 


+ c +c + c 

. “ '^gd2 ~'^db2 “ '^sb 3 


-G 


sSm2 




-gml) 



^ \ sOm2V gdl oml'' 

^^'^“(sC,+GJ(sC,+g,)(sC,,,+g„3) 

RHPZero:S 



LHP Pole :Spi = ^;Sp 3 =-^ 

Q C2 

S . usually is the dominant pole. 



-;S 3 

I ’ P3 



f = 






2 ti 27tCi 



* Typically, g^j =g„, 2 >then C, +2q,i 




§ 6-1.4 CMOS gain stage 
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-Vss 





^Leq §dsl"*"Sds2 ^Leq ^dbl ^ db2 ^ L 

C =C -i-C +n + -i-C 1 

'^in '^gsl ^'^gs2 ^ „ tU^gdl ^ '^gd2 2 

^Leq 

^s[®(^gdl ^gd2) ~(Sm2 Sm2 )] 

[s(C^, +C,^,) + G,,J(sC,„+GJ 

RHP Zero:S =^^2ii±gni^ 

C -I-C 

"^gdl ^"^gd2 

LHP Poleo:S„, = — ^ 

'^in 

Leq 

~ C -I-C -I-C 

^gdl ^^gd2 ^^Leq 

If is large enough (R, is the output resistance of the preceding stage), 
|SpJ«|Sp2| 



Spj is the dominant pole. 




§ 6-1.5 CMOS differential amplifier 
1. Differential- mode half circuit 
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Cgdl 




2.Common-mode half circuit: 



(gds4 + sCm ) + g,,, - VJ (V., -V, ) + - vj = 0 
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ga., ( V. - v„ ) - 1 - V. (-i- + GllSsliSiLs) _ g ( V., - V. ) - C,„ s( V„ - V. ) = 0 

2fds5 2 

VJt — + ~(Cgd5 + Cdb5 +Csbi)s + Cg,iS] = -[g^,4 +sCm +sCg^i]y,^ +(CgsiS + Cg^iS)V;^ 
^^ds5 ^ 



V = • 



[§ds4 “*“®^gdl]^oc (^gsl® “*“^gdl®)^ic 



2r 



1 c +c +c 

i , ^gd5 ^^db5 ^^sbl ^ ^ 



ds5 



+Vdd 




* ^gdl (Sdsl Sml)(^gsl ^gdl "*" * Sml 



C H“ C 

(gds4 +gdsl)+^!^ ^+(Cm +Cgdl)(gdsl +gml)]S + -^^4— ^+(gdsl +gml)gds4 

2rds5 2r,^5 



Solve the pole- zero position : => 




1 RHP zero, 1 LHP zero, 2 LHP poles 

IZR IZL fpl fp2 



IZR » IZL 



► 

Cm 



(Cgd5-I-Cdb5-|-Csbl )/2 



'fpl < fp2 ■ 



Load pole 



tail pole 




§ 6-1.6 CMOS differential- input- to- single- ended output converter 
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Vo 



-i-Vdd 



V=V -l-V V=V -l-V 

''i ''id ^ '^ic ''o ''od ^ ''oc 

[] The had- circuit method cannot be used in 
the high frequency analysis. 

D Two unequal signal paths to the output 
=> Load path and tail path 

=>Both and Cg appears in the Ad(s) f ’Lmd 

expression. 

[] There are two dominate poleo in Ad. Vi 

Sdsl Sds4 



M4 M3 

Hhrx. 

r 



Output pole Wpj = 



C 



Leq 



Mirror pole Wpj = 
Tail path: Aj (s) = — 



§m34 

Ce 

A. 




1 +- 



W„ 



-Vss 



Vo 



Load path: A 2 (s) 



(1+^X1 + ^) 

W W 

''''pi ''''p2 



Ao(2 + ^) 

W 

A,(s) = A,(s)A.(s) = - 



(1 + ^X1+^) 

w w 

''''pi ''''p2 



LHP zero: W , = = 2W , 

zl p p2 

'^E 

D Approximate analysis: 

The dominant pole of Aj(s) is Spj 

gml 



gdsl "^gds 



ds4 



C 



Leq 



Affs) = 



SCLeq+(gdsl+gds4) 



(output pole) 



HHii 
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The A Is) can be written as A ts) = — 

^Sm4 SCLeq+(gdsl+gds4) 

The dominant pole of A^(s) is Spj = — 

^Leq 

But the left- half- plane zero is S^l = — ~(~) 

Rq c. 

The CMRR(= — is degradated by 20dB/decade at high frequency. 

§6-2 Frequency Compensations 





a + a 

^mgl ^ mg2 



equivalent 

circuit 
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H(s) = - 



+ 8j + g„g2 



sC, 



S mgl S mg2 



l + s[(C^^ + C^)Rf^+( Q + Cj )Rj + C^( +g„^2 )^o^d ] +( ^C^L + ^C^d + ^d^L 



mg 2 ' O d - 



where R = 



1 



S dsgl Sdsg2 

1 



R. =■ 



S dsl dsi 



^ ^ mgl S ms2 ^ 



mg 2 



pi 



( S mgl Smg2 )i^oi^d^ C 



P2 



CqCi^ + + C^Cc 



S == ^ ^ RHP Zero 

' C 




n Feedforward effect on 
How to solve this problem ? 

i Cc ~( Smgl S mg2 d ’ 

I =0 and y = 0 

o 2 

=> A zero is formed. 




^mg2 



A 




§6-2.1 Using a unity-gain buffer in the feedback path 
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Cc 






6 






o 



n Isolate node 1 from node 2 to prevent feedforward. 
Q Keep the Miller effect unchanged. 

Q Source follower can act as a unity gain buffer. 



g..y,+^+C,sV,+(V,-V,)C,s = 0 



( 1 ) 



y,+^V, + C^sV,=0 



R 



( 2 ) 



V 

H(s) = ^ 



S mi( § mgl § mg2 ) 

1 s R C + R.( C, C )-\- C ( g j g o )R R^ -\- ( C C. + C.C. )R R^s 

L o c a ^ a c ' c'O msl O ms2 ' o a J ' c L a L ' o a 



pi 



kS mgl + g mg 2 )RAC. 



(unchanged) 



P2 



Qf Smgl + S mg 2 ^ 

cc,+cr, 

c L a L 



RHP Zero has be eliminated. 




Actual Circuits : 
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^BIAS 

connected to the 
output 




"T ^L+^gdl 



Q Cgsi may introduce a RHP zero. But usually this RHP zero is large. 
Cgsi is very small. 



D R 

I— < out ' 



1 



^ ml 



1 



■) 



g„ 



V, 



+^+ +fV, -avjf^ + 



R 



C s 1 



r=o 



R.. 



■ + C ,s 



If 



R. 



>C s 



1 1 



Cs 1 

c 

R 



■ + C ,s 



Cs 



CR s + 1 



V 



J 
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The numerator of H( s ^ ^ is g .( g , + ^ ,)(CR s + 1) 

^ d\ ^ ) 

=> LHP Zero: -^— 

CR , 

c out 

If Rout is large , LHP Zero may form a pole-zero doublet with Spj or Sp 2 
=> very slow slew rate ! ! 

If Rout is small , too large g^i or is required. 

=> (large area , large power) 

=> large Cout- Freq. Resp. i 

* Somehow difficult to design. 

* Also the power dissipation of the buffer is large, (additional power 
dissipation) 



§6-2.2 Adding Re in series with Cc. 



c “c 




Low frequency gain : A, = g (g , + g ,]RR, 

1 JO dm o mi VO mg 1 o mg2 / o d 





I ^ W r -y -y ly -y "1 

-*^5 2 j^\r\ ^ DD ^2 ^TH DS ^ DS \ 
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R -{ 

W~ 

V 05 






2 L 



-^[^(yoo-y.-yr.)\ 



^2 ^ Kh ^ body effect 




Nonlinear 



Design R, : (1) Design R„ s.t. ( R ^ ) 

§ m2 § mgl S mg 2 

(^) ^cmax or Rcmin > 

must be large enough ! Otherwise, frequency 
performance will be degradated. 

1) CMOS Realizations : 



v_ 



I 



Cc ttcm 



^2 V, 



V2 V, 



Consider the case in c . : 



LL C W 

J ox n r2{V -V -V )V -V I 

DSn 2 L dD '^2 THn 2'^ DS DS 



u C W 

g_!^r 2(V -V -V )] 

2 L ^ DD ^2 ^ THn 2 J 




LI C W 

-v,; 7 

p 

^ ^ I 

Ll C W 

p 

R ‘ ^(R //R y‘ ^R ‘ +R ' 

c ' cn cp ' cn cp 



6 - 17 

CHUNG- YU WU 



\xC W C W 

^Y^72fy„„ -y -y,„ )]+^^[2(v, +y, )] 



II C W I^C w 
2 L~ 2 L 

n p 

R :‘ = P 7 + 2y^ -2y^^ 7 nearly indep. Of V 2 







2. If R ^ 



7 + (Q+CJ/Q 



8mgl +<? 



mg 2 



= Sp2 and pole-zero cancellation occurs. 

Sp3 Spi ^dm^pi ^ ^p3 stable 
However, if the cancellation is not complete 
=> pole-zero doublet occurs ! => slow slew rate. 




§6-2.2 Feedforward compensation 
Ay 3 is the gain of the source follower 







As(0)(i+-) 
^ 

(1+4-) 



1 LHP zero 
1 LHP pole 



A,,= 



AJO)(i--)(i+-) 

^ ^2 



2 LHP poles 
1 RHP zero (Cc) 
1 LHP zero 
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Zs & Z 2 are generated from the Cg^ of the source follower. 



^AtOt(s)^A2( S)+A3(A 

( 1 +^)( 1 +^)( 1 +^) 

= [\,(0) + A„(0)\ ^ ^ 

(1 + — H1+—H1+—) 

Pi P2 Ps 



Pj ' : dominant pole 

LHP Zeros 

Design consideration : Any zeros below the unity-gain frequency must be 

placed as close as possible to their matching poles. 
This prevents the formation of any doublet ! 



Z;’= P 2 by adding CB 1 and CB2(3.8pF) to control -l- 
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Ref: IEEE JSSC , col SC-14, no.6 pp. 1070-1077 , DEC. 1979 
Eeedfoward +Miller( direct) 

Ref:IEEE JSSC , col SC-15, no.6 pp.921-928 , DEC. 1980 
Eeedfoward + Unity gain buffer + Miller 

§ 6-3 Settling Behavior 




Period Period 

Slewing Period (Ts): Vo from OV to V-Ig/gmi under voltage follower 
connection and worse case loading.(nonlinear operation) 

Settling Period (Xset-Ts)'- 

Vo from (V-Io/gmi) to ± ft 7 % V or ±0.01%Y (quasi-linear operation) 
Settling Time (Tset)- T, +( Tset-Ts) = slewing period + settling period. 

§ 6-3.1 Single -pole case 





Slew rate: 



SR = 



dVo^ 

dt 



h 

C. 



CO = 






c 



single-pole case 



ox. I ^ 

u 

g mi 



.uC W , 
2 — - —)■ 
2 L‘ 
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§ 6-3.1 Two-pole case 

ReJU IEEE JSSCvol.SC-17, no.l pp.74-80, Eeb. 1982 



Ts^-—ln[l-4^(V 



CO, 



I a 



g. 






Fig.2 



approximation^ e = i-co^T^ => eq.(19) conventional expression 

After TsD V-I^g^i Input voltage = V-( V-I^g^i) = IJg^i 

=> enter the linear (or quasi-linear) region 
Feedback Function for unity-gain voltage-follower connection 

=> A(s) = -4^^ eq.(20)-(23) 
l + a( s) 



two poles Q S - -^co„ ± ^ - 7co„ eq-(24) 

(double negative real poles) damping ratio 

^ = 1 critically damped 

^ < 1 underdamped ^ > 1 overdamped 

(complex conjugate poles) (real and negative pole) 

i _ tO^ CO^ _ V^2 _ '\J^ 2 _ ^ gm2 ^ ^2 

2 ( 0 „ 2.J^ 2^ 




(Cc, Q »Ci) 
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4(^)C^ (Cc,C2»Ci) 

S m2 



4(0 ^^^ 2~4 

u 

co„ 



underdamped 

overdamped 



(1) Underdamped: Ts&q. (14) or (19) max.overshoot: eq.(36) 

TpQq. (35), (33) settling time: eq.(40),(39) 

(2) Critically Damped Vo(t): eq.(4 1 ) 

Tset • cq.(43) 




(3) Overdamped 7’5£j: eq.(47) 

Simulation & Calculation : Fig.7, Fig.8 




Further references: 

(1) IEEE JSSC, vol. SC-18, pp. 3 89 -394, Aug. 1983 

(2) IEEE JSSC, vol. SC-21, pp.478-483, June. 1986 
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§6-4 Slew rate of CMOS OP AMPs chunoyu wu 

§ 6-4.1 Two-stage OP AMPs 



Two poles: 

If S , «0) « S J,y (s)^g V. (s)/sCc 

pi u P^\ out' ^ oj mi in' ^ 

y ,( ^ 

out ' ^ o m 




0)„ T,/ T/W/LJ, i =>SRT 



* I /C, >/ /C, or c, ; 

o L o C L C ^ 

at at 

Slew rate enhancement and degradation 




/ 

enhancement 



t 




CHUNG-YU WU 



d 

— V 

dt 



I —i dv 

o *^(0 ^(0 

Q dt 



c 



_ 




c +c 

'-c ^ '^to 



slew degradation 



§ 6-4.2 Single-stage OP AMPs 

Q 

Different phase margins 
=> different settling behavior. 

Q First-stage bias current 




SR of the folded cascode OP AMPs 







If Ip=Io, we can keep Mj, Mi and 7^ current source in saturation. 
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The change of is not significant because the gain of the 
common-source amplifier Mi is nearly equal to - 1 . When M2 is 
turned on, the recovery time of Vx is very short. 

* If /p < lo, the current source 4 is forced to linear region and f 
Vx-l . The decrease of Vx is large. Thus the recovery time of Vx 
when M2 is turned on is very long, => The settling is slow down. 

How to solve this problem? 

( 1 ) Keep Ip = lo as the optimal design. 

( 2 ) Add clamping devices between Vdd and Vx(Vy) 




In normal operation. Mu and M72 are turned off by setting 
VdD-Vx< Vth11>VtH12- 

§6-5 Power supply rejection ratio (PSRR) 

§ 6-5.1 Low frequency analysis for integrators 
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* PC/?/?+ = . 


av;. 




a\/. , 


K=o _ 






1 oi\i\ — 








L=o 










1_ _| 



V ' I— I 

How to calculate — — H 





PSRR^i^S^ — ^ ^ofio2 S m2 ) 

S + gml/C, 

where Goi=go4 ( go2 is connected to the drain of Ms which is 
open-circuited, i.e. r^ss 
Go2 — go6 (f'ds? °°) 

GO1G02A g m2G c) ^ gml^G(; 



=> Low-frequency LHP zero degrades the PSRR . 





CHUNG-YU WU 



To improve PSRR, must be decoupled from the gate of to 
eliminate the LHP zero . 
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Chapter 7 Design Procedure of CMOS OP AMPs 

and Pratical Design Considerations on 
Noise and Offset 

§ 7-1 Typical design procedure of two-stage CMOS OP AMPs 

Synthesis or Design : Determine the eireuit configuration and its MOS 

device dimensions from the specfications. 

Flow Diagram : 
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Specfications 



Low frequency gain 


> 


70dB 


Phase margin 


>60° 


Unity-gain frequency 


> 


2MHz 


c . 


lOpF 


Slew rate 


> 


4V/qs 


Vdd^Vss 


5V 


CMRR 


> 


80dB 







Device parameters 



qCox/2 


30qA/V^ 


12qA/V" 




(NMOS) 


(PMOS) 


Vto 


1.2 V 


-IV 



Procedures : 

1 . Choose a suitable Cc 
Example : choose Cc=C/,=10pF 

2. According to the phase margin in the specifications, determine the 
second pole position. 




Example : choose fr= 2MHz 
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\Sp2\=+^-3oi = 3g^/Cc 

= 3(0^ Phase margin > 60° 

3. Determine the transconductances of the first stage and the second 
stage. 

Example : ^3g^, ^ 3co^C,^ 3 x2kx2x10' 

=> gm6 = 377 {I mho 
g„u= 175.7^ mho 

4. From the slew rate specification, determine the bias currents in the 
first and the second stages. 

Example : S - — >4Vj /its 

Choose S = 4V ! fJLs I^=40fiA 

The negative-going slew rate is also limited by the Qy 
current source. To reduce or eliminate its effect, S is set 
to4S. 



S^^^2.5S^10Vlfis^^ 



= lOOiiA 



5. Use the design rule for reducing the systematic offset voltage to 



design the transconductance of the load MOSFET’s. 



Example 



, {W/L), _ {W/L\ _IJ2_I 
■ {W/Ll (W/L\ I, 5 



S ml S m3 S n 



\ (W/L),-IJ2 
i (W/L\-I, 



I /2 

o 

I2 



g 



m6 



-^g„=75.4n 



mho 




6. Calculate and CMRR to verify the design. 



1 -A 

CHUNG-YU WU 



Example : A, - 

ir dm 



S mi S t) 



S mi S n 



( g„ + g,. )( g,6 +g,7) (^o)( 2^7 ) 

= 6582 >76dB 0.03V for L = 10iim) 

g mig ml ^ g mig n 



CMRR ^2- 



’ ml 



26327 = 88dB 



8., 8. (V,XV„/2) 

gmi C(3V II , Iq CcS , §m6 3 TVuCl j I? Sro^L 

gml Mogm 6 ^ 21 7 ^ 3 CcSWu/ 2Sro 



A. 



3(0 



/C ^ 

CMRR 4 A, 

X^S s 



2X'S^^S 

If Adm and CMRR eould not satisfy the speeifieations, 
(0 ^ , S, and gmi or gm6 can be readjusted . 

7. Determine the nulling resistor Rc provoded by Ms. 

Example: If Sp 2 

7 + rC,+CJ/C__ 2 



R = 

c 

IfS,^ oo 
1 



5.3KQ 



g„ 



gr, 



R = 



^2.65KQ 



g 



m6 






2 L 



8 



8 . Dimension Ms and Mj. 

W/L can’t be too small ^ too large Vgs- 
Can’t be too large ^ too large ^ CMRR \ 

Q t ^ phase margin \ 
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Example: 



j5 



T 



^ « 5.55 ( ^ == 30^^L 

^nCox(v _]/ y ^ 

» V GS5 ’^THS) 



2 



Vos 5 -Vth 5-0.5V) 



J7 



I. 



^n^ox (y _y y 
2 V GS7 ’^TH7J 



13.33 



ChoosQ Ls=L 7=10 fim Ws=54ium , W7=133/im 

9. Dimension M1-M4 and 



Example: 



MC^x ^ 



2 L 



D 



^Vl)AVl\ 



8ml 



2 



6.58 



(W/L)^ ^(W/LX 



S ml 



" l^r>Cox I 

^ r p ox -* Q 

2 2 



5.92 



(W/L)^^5(W Zip-- 29.6 
Choose L=10 (im 

Wj=W 2 = 66 Jim ’Wj=W 4 = 60jim ’ = 300gLm 

10. Estimate the dc bias voltage. 



Example • | H ^thps I 



I 0/2 



i 






= 7 + 



20 



OX 



2 



(W/L), 



\12x6 



1.527 



\- 3.473V 

3q _ l^rAox /ur / t \ / tx tx \2 



2 2 



-(W/Lh(-Vc-V,„J 



Vc^ -1.5 18V 



11. Dimension 
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Example : / 1)^(5 + 3.473-1)^ — 

2 

^(W/L)^^ 1.052 
choose Wg= Lg= lOfim . 

12. Determine and dimension and 
Example : V^g = V^Hn + 0.5V = 1.7V 



y =-y +y =-3 3V 

'bias ' SS ' ' GSS 



Choose = 20/dA 



V,,, =0-V,,,,= 3.3V -3.3V 



V =V +V =-l 7V 

^ GSIO ^ BIAS ' ^ 55 ^ ^ 



(W/L),^ 



h 



(W/L),,^ 



^n^ox /y _y )2 
2 ' *^089 'THn/ 

h 



2 



0.1512 



0.2667 



(^GSIO ^THn) 



Choose Wg=10fim , Lg=66ym and 
WiQ=27fJLm , LjQ=10fMi. 



13. Use SPICE to simulate the overall OP AMP and make the 
necessary adjustment. 

Reference : Reference Book No. 3, (Gregorian and Temes) pp. 
222-241. 
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§7-2 Practical Design Consideration on Noise chung-yu wu 

§7-2,1 Noise of MOS devices 

1) shot noise 

* Due to the fluetuation in the number of earriers erossing a given surfaee in 
the eonduetor in any time interval. 

* If the earrier density is low and the external eleetrie field is high so that the 
interaetion among the earriers are negligible, we have 

iI = 2qI(BW) 

where is the random variation of the eurrent. 

I is the average eurrent. 

BW is the bandwidth in whieh the noise is measured. 

* When an MOSFET is operated in the saturation region, inversion earrier 

density is high. => is mueh smaller than that predicted by the formula. 



Shot noise is not important. 

* In the subthreshold region, shot noise is higher. 

2) Thermal noise 

* Generated by the random thermal motion of the carriers in a resistor. 

* The mean square of the noise voltage and the noise current i^j are 



V 



nT 



nT 



4KTR(BW) 



4KTG(BW) 



■^O o 



R 



Vnt 



* In MOSFETs, R is the incremental channel resistance. ^ 

3 



If the MOSFET is in the saturation region, R = 




2g„ 



2 

3 






’ 3 g^ 



BW 



* The spectral density is independent of frequency => White noise. 

* Circuit models: 




vIj : gate-referred noise voltage source. 
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VnT _ nV 

vbw Vh; 



* When the MOSFET is turned off (R=oo, G=0), i^j is very small. 



=> Noiseless open circuit. 
3) Flicker (^) noise 



* Generated by the trapping and releasing electrons from the channel caused 
by the interfacial states. 

* Slow process => important at low frequencies 

^ noise. Below ~ KH^ 



— _ K BW 



‘nf 



2 

Sm 



V 



2 

nf 



* (WL) t , Cox t 5 Temperature i , density of surface state j => i 



4) Combined noise 

+ 'i = V(4KTG + Kg^ /(C„. WLf )]BW 
independent noise sources. 



§7-2.2 Noise Performance of NMOS Amplifiers 

1) Enhancement-load amplifier 



A 



VI 



-a. 



[ W.L, 



for e„ 



Ay 2 — 0(2 for Cjj 2 

The equivalent input noise voltage 



^n(IN)— V^AyjC^,) + (Av2Gn2) 

■A.x/1 



= e l + (4^r 



Lj ^2 






^(1 + T ^) 



u 




WL 




* w, T, LjT 



smaller e„(IN) 
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* There exits an optimal Lj = Lj 



Independent of Wj 



§7-2.3 Noise Performance of CMOS Amplifiers 

1) CMOS amplifier 

VI “ ~Sml (^dsl II ^ds2 ) 

■^V2 “~Sm2(''dsl Il^ds2) 



+Vdd 



V/ 



?ml 






_ 2 h M-nCpx -V 

t 2 u ° 



Vbias 



e„(IN) = , 



ani ' 2 



ti C 

V ^ 22an2 



W,L, 



a 



(^)^J 




Vo 



Design considerations for low noise can be found. 
2) CMOS differential-input to single-ended converter 



+Vdd 



A VI = I (gml + gm2 X^dsl II ^2 ) C^j , C„3 



Vbias 



Av 2 gm2(^dsl IXds2) 

If gml = gm3 and g „2 = g „4 



Cn 3 I I 

0-(^ !-► Mr 



IAS I I 

!-►' M5 

1=L- 



e.(IN) = 



/ M-nf^ox \ 

a t ^ ^2“n2 T 

2 -^[l + ^ (^)'] M4 

W,L, .^^pCoxx L, 

V ^ hani 



Vn T 

I I ^n 4 Cn 2 1 I 



1 1 I Gnl 

Mi^-I \-©-0 

OVo 



Cn4 Cn2 

-©♦< 9 - 



M2 



* W,T, L^T, e„(IN)i 

* Optimal Lj = 



-Vss 



u C 

V ... hani 



m C 

' r^n ox 



-U 



)^a 



2“n2 



* The noise from Mj and M4 loads is very important! 

Example : PMOS : = 3pA y ^2 

a = 48 X 1 OXpV ■ pm)" for 20Hz ~ 20KHz 



2 



NMOS: (fV^)^=7pA 
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= 380x lO'C^lV ■ i^m)" for 20Hz ~ 20KHz 
* NMOS is much more noisy than PMOS due to mueh larger noise 

Why? 1 .higher surfaee-state density 

2. nonuniform trap eenter distribution ( more centers near 
conduction band ) 

3. Efficient eleetion trapping and releasing. 

Bias current = 5|lA , Gain : ~ 44dB 

Design I: M3 : PMOS 

M2, M4 : NMOS 

^e„(IN) = 38|aV 20Hz ~ 20KHz 

(33.9) 

Design I: M3 : PMOS 

M, : NMOS 

^ e„ (IN) = 7.5|aV 20Hz ~ 20KHz 

(6.9) 




-Vss 



* Larger size WL => smaller noise 

If Sml ^ gm2 
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* Increase the ehannel length of the transistor having the highest a„ 
parameter. 

Example : Bias eurrent 100|i A 
Design I: M, : 

^ e„ (IN) = 8. l|iV(7.97|aV) 20Hz ~ 20KHz 

Design n : M, : 

^ e„(IN) = 5.9|aV(5.65|iV) 20Hz ~ 20KHz 
Des.g„ m : M2 

^ e„(IN) = 10.5|aV(10.36|aV) 

* Best noise figure => highest in PMOS 

lowest inNMOS 

Note : WL for PMOS ( NMOS ) are the same. 

Reference : J.-C. Bertails, JSSC, vol.SC-14, pp. 773-776, Aug. 1979. 
Noise speetrum of a typical MOSFET : 




§7-2.4 Noise performance of CMOS OP AMPs 

1 .Midband Analysis 




Differential 



Souree 
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Vdd 



?ml 







V^~V ^ + / ,=V ^-l-V ^ / U (-y ^ + V 

n nd 'A ^ n2 V /§ ^ ^ n3 '^n4 ^ 



+ [Vj + (^% fyn,"]/A/ 

/ Om6 / 

* At low frequeney ( <lKHz) , J/^ noise dominates and | (w) |»1 



^ has a negligible effect on the OP noise. 

The input stage dominates the overall noise contribution. 

* At high frequency where | A^ (w) | ~ » 1 , ( •.• Mg , is a level 



?m6 



shifter, g^^^g is small to obtain a large V^^g » 1 ), the effect of 

/ Sm6 

is comparable to that of V^j and • Thus must be a low-noise 
device ( like PMOS ). 



The effect of is negligible on the total equivalent input noise voltage 
since the gain of the gain stage is very high. 



§7-2,5 High frequency analysis ( for white noise ) 

For CMOS 2-stage OP AMP ( without level shifter ), the small-signal 
equivalent circuit is 
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(under unity-gain feedback) 



V„, 



AJl-sC,(— -RJ] 

gm2 

Vjjjj 1 -i- Ay -i- as + bs^ + cs^ 

Vo,. _ , {1 + s[C,(R,+RJ + QRJ + s^CARiRz} 

y -^V2 .1 , A ^ , t.„2„„3 



in 2 



(l-l- Ay)-l-as-l-bs cs 



when Ay = Ayj +Ayj 

a = C JAy ^ + R J + Ri + R^ + R J + C^R; + 

§ml §m 2 

b = R,R2 (C,c/ + C,C, + C, C J + R.C,(C,R, + c ' r ,) 



c = CACcRiR2Rz 

Usually, I Ay |»1, R^«Rj, R^«Rj, Cj « C^, , Ci«CL,and 
C, « C, 

=> LHPPoleo: Pj--®’^ ; 

RHPzero (^) : z, = [C,(— -RJ]"' ; 

V:„, g„. 



LHP zeros : = z, , z, ~ (z3->oo) 

C^R, C,R^ 




The equivalent noise bandwidths are 



BWi = 



4C. 






BW = ®«>V _ 6ml, 

^'^2 /4C^ /4C^ 



(="’^ 



g 



m2 / 



^4C, 



(Ce»CL) 



1 



V„,/ =L4KTy.— (BW,)A,, Y, = constant--) 

2 



( Consider only thermal noise ) 
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Ay 

1 + Ay 



4KTYi 



1 




A 



V2 



1 + A, 



-4KTY2 



1 



gm2 




) 



/ 

Ay KT Ay, KT 

= — ^Yi — + — ^Y2 — 

1 + Ay^'C, 1 + Ay C, 

/ / 

where Ay, and Ay are average gains between Pj and P, . 

* The total white noise of the OP AMP is inversely proportional to C^. and 

* Due to the foldover effeet in SCF, white noise ( thermal noise ) beeomes 
important. 

* 1) Clock feedthrough noise; 2) noises coupled from the power supplies, 
clock, and ground lines, and from the substrate; 3) white noise and flicker 
noise generated in the switches and OP AMPs are three major noise sources 
in the switched-capacitor circuits. 



§7-2.6 Dynamic range of OP AMPs 

Xn max ' muximum input voltage which an OP AMP can handle without 
generating an excess amount of nonlinear distortion. 

Xn min ' minimum input signal voltage which still does not drown in noise 
and distortion. 

V. / 

Dynamic range = 20 log JO ( ) 



For an open-loop OP AMP, 





=> Dynamic range ~ 30 - 40dB . 
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§7-3 Practical Design Consideration on Offset 

§7-3,1 Input offset voltage of a CMOS OP AMP 

C Ll 

_ OX^ 

2 

+Vdd 





1). Random offset K : 



M3A 



M3B 



^IlA 

O 1 1^ — Mia Mib — H I O 

^ I — I I — I .. + 

GSIA VgSIB 

VbIAS 0“f“j 1^ ^2 I 1 



-rh- 



Ms 

Vo=VdD-VgS3 

VgS3A=VgS3B-VgS3 



^OS ~ ^GSIA ^GSIB ~ 



K 



NIA 



f-1 1 



Vss 

1 

2 



K. 



f-1 ^ 

W 

V M 



“*“^TH1A ^THIB 



■ ^^THl 



K. 



1 

V 



Ll + 



AL, 



W, + 



AWi 



1 

^2 


r T ^Li 1 


1 

2 


' 2 




AW, 






W, - ' 




J 


‘ 2 





+ • 



— ^^THl 



Ll 



Ii — 

K., W, 



1 + 



1 AL 



V 



2 2L 



1 - 



— ^^THl 



_7_I itL 

‘Wi 






7 

A, +A 



AL AW 



' A 

A r 



1 AW 

2 2W, 



1 - 



1 AL 

2^ 



V 



1 + 



A 



2Li 2Wi 



2 Ll 

K. W, 



V 



AK, 

2K. 



+ 



1 AW 

2 2Wi 



Ii — 

A AT 7 



Wi 



+ • 



^ AI ^ 



AA = Ai -A2 



2 




AI = I.a-Iib 



K 



P3A 



V ^ ;3a 



(y _ V y - 

V''gS3 '^TH3A/ 



K 



P3B 



V ^ JiB 
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(^GS3 ^TH3b) 



-V y 

2 V''gS3 '^TH3/ 



AKp ^ AWj AL3 



2AV. 



TH3 



K. 



W, 



L, 



V -V 

*GS3 *TH3 j 



= 1, 



AKp AW, AL 

I ^ + ^ 

Kp W3 L3 V(3g3— Vpjj3 j 



^3 2AVp333 

K 



> Vq5 — AVjjjj -I- 



f 2 J L, 


Y 


1 

> 


AWi 


<1 

1 


^AKp 


AW, 

1 


AL, 


AVjjj, 


‘w, 


J 


<N 
1 


2Wi 


2K^ 


2Kp 


2W, 


2L, 


V -V 

'^GS3 '^TH3j 



™' ^ ™'|2W3 2L, j 2L3 2Wi 

2). Systematic offset. Vq^ = where Vq 

An 



-/■ C\ 



7-3,2 Low offset design techniques for CMOS OP AMPs 

1 . Layout techniques to reduce the random offset. 

a). linear varation of devices across a row of transistor or a matrix of transistors. 



2B 



lA 



IB 



2A 



or 



2X 3X 2X 
b). cross-coupled connection 
2B lA IB 



3X 



3X 



IB 


2B 


0 


□ 2X 




3X 


2A 


lA 


IB 


2B 



2A 





2X 3X 
2 W 

los-V^s'— L 



2B 



2X 
^^1B’L2A 



3X 



2A lA 



KL, 



L 



IB 



L 



2B 



L 



2A 



L 



: N , W’s are the same 



lA 



Cross-coupled. Ip,siA + Idsib ~ Ids 2 a Ids 2 b 



V ^ V ^ V ^ V ^ 

'^GSl I ^GSl _ ^GS2 I ^GS2 



V, 



GSl 



L 



lA 



L 



IB 



L 



2A 



L 



2B 



V, 



GS2 



1 + KN 
V K + N 
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If K=1 => precision channel length control ^ ^ = 1 ^ Ordered dimension 

'^GS2 

error =0 ^ Vqs = 0 

IfK=l.l,N=l.l ^ ^^ = 1.0023 

V 

'^GS2 

But for single-pair design (IB, 2B, or 1 A, 2 A) 

= Vk = VlT = 1 .049 larger Vq^ error ^ larger Vq^ 

^GS2 



Ref: RCA Review, vol. 39, pp. 250-277, June 1978. 
c) Common-centroid structures to reduce AV^jj 

Ref: IEEE JSSC, vol. SC-13, pp.791-798, Dec. 1978 

IEEE JSSC, vol. SC-16, pp.661-668, Dec. 1981 



2. General optimum matching rules to reduce the random offset 

1. Same structure 5. common-centroid geometries 

2. Same temperature 6. Same orientation 

3. Same shape, same size 7. Same surroundings 

4. Minimum distance 8. Non minimum size 

Ref: IEEE JSSC, vol. SC-20, pp.657-665, June 1985 

3. Low Vqs - to reduce the dimensional random offset 



4. Dimension design to eliminate the systematic offset 
(W/L)3^ _ (W/L)33 _1 (W/L), ^ y 
(W/L)5 (W/L)5 2(W/L)4 



^ systematic offset ~ 0 



To avoid the process-induced variations in channel lengths, we usually choose 
Lj = L 3 ^ = L 3 g . But this design will enhance the noise contribution from the 
PMOS M 3 ^,M 33 (NMOS M 3 ^,M 33 for PMOS-input structure). 



^ A compromise is required. 

5. Sample-data techniques to eliminate the offset voltage. 

Ref: IEEE JSSC, p.499, Aug. 1978 

IEEE JSSC, vol. SC-10, pp.371-379, Dec. 1975 
IEEE JSSC, vol. SC-20, pp.805-807, June. 1985 
IEEE JSSC, vol. SC-17, pp.1008-1013, Dec. 1986 
IEEE JSSC, vol. SC-16, pp.745-748, Dec. 1981 



IEEE JSSC, pp.837-844, Aug. 1985 
Applications: Zero-offset OP AMPs, High-precision comparators. 

Instrumentation amplifiers. High-precision amplifiers, 
Switched-capacitor amplifier, Switched-capacitor network. 




1) Offset cancellation in OP-AMP-based switched-capacitor(SC) amplifier 
(1) SC amplifier i 
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Step 1: Switch 1 ON, Switch 2 OFF: 




Step 2: Switch 2 ON, Switch 1 OFF: 



CHUNG-YU WU 



+ Vos . 




*The charge injection error of the switehed SI eannot be eliminated. 
2) Offset eaneellation in precision amplifier 




^ £ = lOF 

OApF + \0000pF 

= mpv 

Cs'tei 



or using the differential outputs 
rather than the single output to 
eliminate the common mode voltage 



£ 



* amplifier with offset voltage memorization 

* residual voltage successive memorization (RSM) 
amplifier 

* auto-zero design 

* ehopper-stablized design 

eapable of redueing the offset voltage by 1~4 
order of magnitude 



RSM amplifier(P-MOSFETs) 





0 — [g>— o 

OUT 



oNj— III 



(^1 
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V^ff={e„+e„)IG,G,...G„_, 

e „ : input offset voltage 
e„ : parasitie clock error pulse 
of the nth stage 
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Chapter 8 Advanced Design Techniques and Recent 
Design Examples of CMOS OP AMPs 



§8-1 Advanced Design Techniques of CMOS OP AMPs 

§8-1.1 Improved PSRR and frequency compensation 



P.6-26 



_ 






1 


SV„ 


C, 








1 - 






C, 


^^00 ■ 



-I-- 






GSl 






+ 



> m3 



^ Cgd 1 3 /q 

C, 

1 

^1 ^Sml 



Where 7^ represents the input stage bias current. 
If 7^ is independent of and 

and the input devices have no body effect. 

==> ^^0 



Ref.: IEEE JSSC, vol. SC- 15, pp.929-938, Dec. 1980 



BIAS GENERATOR 



OP AMP 




* is generated by using the power supply independent current source. 
*^BiAs is nearly independent of and 

*It is better to use separate p- wells for and M 2 to avoid the body effect. 




*Tracking RC compensation 
Conceptual circuits : 
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-i-Vdd 




\bltage 

source 




Cl 



In the quiescent case ,Vim=Vos2 






^[(yVIL),*{WIL)c*Kr 



Cc 

Cc + C^ 



=>R 



‘dsA 



Cc + C^ 

gmlCc 



^Rc 



The requires Rc is Rc= l/g„2[l + (Q +C^)/Cc] ~ H g^2\iCc+C^)l C(.] 
Thus LHP zero=LHP pole P 2 
and P 3 becomes the second pole. 

The stability considerations, 

or Cc > 

\S,n2 

allows a smaller gm 2 and larger 

* ~ Rc indep of temperature, process , and supply variations. 

=>Tracking design to make sure that z=P2 
=>No pole-zero doublet problem! 




CMOS Design 




* M17,Cc : Tracking RC compensation. 

* M9,M1 TSharing the separate n-well. 

* Vbias is not strictly independent of Vdd and Vss. 



8- 1 .2 Improved frequency compensation technique. 

Ref.: IEEE JSSC ,vol.sc-I8, pp 629-633, Dec.I983 
Grounded gate cascode compensation 



-i-Vdd 
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MB,CgS7:low pass filter for high frequency noises. 

M8,M9,M10:new compensation circuit. 

Mil ~M 1 6:Bias generator. 

Conceptual circuits: 



+Vdd 




The input voltage Vi can’ t reach the node ^ 

^ * Better PSRR C-’ no low-freq. zero ) , especially PSRR 

* Allow larger capacitive loads. 

* Slight increase in complexity , random offset and noise. 

§ 8-1.3 Improved cascode structure 

1 . To improve gain: 

Ref: IEEE JSSC , vol. SC- 17, pp. 969-982, Dec. 1982 ☆ ☆ 



+Vdd 
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* Substantial reduction in input-stage common-mode range. 

* Improved wilson current source is used as the load to improve the balance of the 



first stage. 

2. Single-stage push-pull class AB CMOS OP AMP 
Ref: IEEE JSSC , vol.se- 17, pp.969-982, Dec. 1982 

* Inverting mode only. (- 1 - grounded) 

* Capable of high current driving and 

high voltage gain. IN 

* Not a differential- amplifier-based 
OP AMP. 






-i-VDD 






M5 



M6 



3 



M2 M4 




^BIAS 



Ml M3 









3. Cascoded CMOS OP AMP with high ac PSRR 
Ref: (1) IEEE JSSC , vol. SC-19, pp.55-6I, Eeb. 1984 
(2) IEEE JSSC , vol SC- 19, pp. 919-925, Dec. 1984 
1 ) Original version 

-i-VDD 



l-J Cc-C' 



a: 



M7 

OUT 



M8 



MIO 



-Cl 



M9 



CX 



-vss 




Chrarcteristics: 
Vdd=Vss=2.5V 
Input offset voltage 
Supply current 
Output voltage range 
Input common mode range 
CMRR @ IKHz 
Unity- gain frequency 
Slew rate 



5mV 
lOOi A 
-Vss~Vdd 
-Vss+1.47V ~ Vdd 
99dB 
l.OMHz 
1.8 V/i sec 
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* Better input common-mode range. 

* Vic i Vdsn4 J' Idsn4 i Va T Mns is turned on Vout^ - Vss 
voltage spike at Vout- 

* The possible spike in the settling period. 

2) Improved version 



-i-VDD 




* and Mj 4 : Let the drain bias currents of and Mjj follow 
the change of under positive input common mode voltage. 

^ No voltage spike at 
Also serves as CMFB 

* Better PSRR and input common- mode range. 

* is decoupled from the gate of the driver M g . 



4.Simple cascoded CMOS OP AMP 
Ref.TEEE JSSC , vol.SC-19 , pp.919~925 , Dec. 1984 

-i-VDD 



M5^^ I y I j^M6 I — I j^MS 



V 



BIASl 



O H 



H 



I— I ' 

I-Jm3 



3 






M4 



o — I H— 



Ml M2 



Cc 



V, 



BIAS2 









H 



l-H* 






M5 



V)ul 



|^M9 






* Good PSRR 

* Reduced input common 
range. 

^ restrict its applications 
to those which use a virtual 
ground. 



-VSS 




5. Single-stage cascode OTA 

Ref.: IEEE JSSC , vol. SC-20 , pp.657~665 , June 1985 ☆ ☆ 
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: Cascode structure 

* Output conductance -i without any noise penalty and with only a very small 
reduction of phase margin. 

^ GainT no any compensation is necessary. 

* Maximum output swing -i 

§ 8-2 Advanced Design Techniques on High-frequency Non-differential- type CMOS 
OP AMPs 

1. Single-ended push-pull CMOS OP AMP 
*Current-gain-based design 






TABLE I 



Parameter 


Measured Value 


DC- Open Circuit Gain 


69dB 


UnityOGain Bandwidth 


70MHz 


Phase Margin 


40° 


Slew Rate 


200 V / i^sec 


PSRR (DC^) 


68dB 


PSRR (DC) 


66dB 


Input Offset Voltage 


lOmV 


CMRR (DC) 


62dB 


Output Voltage Swing 


1.5Vp 


Output Resistance 


3 MO 


Input Referred Noise (@ IKHz) 


0.5A \iV i4hz 


DC-Power Dissipation 


l.lmWatt 



y^^=+3V ; y^^=-3V ; /gj=50|oA ;CL=lpF 

TABLE n 



Bias Current 


Unity- Gain 
Bandwidth 


DC- Open Circuit 
V)ltage Gain 


DC-Power 

Dissipation 


25 |oA 


50MHz 


70dB 


0.55mW 


50|oA 


70MHz 


69dB 


l.lmW 


100 |0A 


lOOMHz 


66dB 


2.2mW 










y^o=+3V ; Vcc=-3V ; CL=lpF 
2.L0W output resistance CMOS OP AMP 
*C^ is a compensation capacitor 
*For low -resistance load 
*Smaller maximum output voltage swing. 
*I,,=50^,C^=lpF , f^=60MHz 
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§ 8-3 Advanced Design Techniques on High-drive MOS Power or Buffer OP AMPs 
§ 8-3.1 Efficient Output Stages. 

A. CMOS output stage using a biplar emitter follower and a low-threshold PMOS 
source follower. 



+ V: 



DD 
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B. Complementary class B output stage using compound devices with 
common- source output MOS. 




§ 8-3.2 High-drive power or buffer CMOS OP AMPs 

1. Large swing CMOS power amplifier (National Semiconductor) 
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* Noninverting unity gain amplitier 




Mg provides the negative feedback 

* \,M f, and A^,M form a class AB push-pull output stage. 

* Full swing from +Vo£, to 

* M g,M ^ q,M and M form a current feedback to stablize the bias current 
of M g and M g^ . 

Offset in ,e.g. ^omm ^ dm6 ^ ^ DM9 ^DMll ^ 

^DM12 ^GSMSA ^ ^inA2 ^ ^out 

VinAi'" ^ (viHual short between -i- and -) ^ V-^ 2 ~ ^ 

througt M 3 All the bias voltage and current are restored to the normal 
values and the offset is absorbed by Mg^ . 

Since the current feedback is not unity gain ,some current variation in 
transistors Mg and Mg^ still exists. 
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Large positive eommon mode range allows to souree large amount of 
eurrent to the load, (beeause ) 

The max im um 1/^^^ whieh Mj and still in the saturation region is 

^GS6 max ~ ^DD ~ ( ^IN ~ ^GSl ^DSATl )) ~ ~( ^CC ~ ^ IN ^TH 1 ) 

^ ^THI ^GS6max ^ DM6 

( 1 ) . Threshold implant to inerease 

(2) . Negative substrate bias to inerease 




V 

OUT 



* The input stage is not shown in the diagram. 

* Mjg,Mg,Mj 7 form the seeond stage with the Miller eompensation 
eapaeitor. 

* ^ ^out ~^SS-’^DSM5 ^ DSM5 

^ M^,M ^,M ^ and M 4 are off 
^ and M are still on to keep = OV. 

Otherwise , Mg will be turned on. 

Similarly, M and M turnoff Mg^ in the positive voltage swing 

* M p^,M ;^^,M and M p^ are output short-eircuit protection eircuitry. 



Normally, M p^ is off. 
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CMrasHwyiywwu 

When 1 = 60mA, 1 omp 3 ^ dmn 4 ^gsmps ^ • 

^ ^DMb limited to approximately 60 mA. 



Table I 

POWER AMPLIFIER PREFORMANCE 



Parameter 


Simulation 


Measured 

Results 


Power dissipation( ± 5V ) 


V.OmW 


5.0mW 


■'^vol 


82dB 


83dB 


Fu 


500KHZ 


420KHZ 


^offset 


0.4mV 


ImV 


PSRR+(dc) 


85dB 


86dB 


(IKHz) 


81dB 


80dB 


PSRR-(dc) 


I04dB 


106dB 


(IKHz) 


98dB 


98dB 


THD ViN=3.3Vp Rl=300O 


0.03% 


0.13%(lKHz) 


Cl= 1000 pF 


0.08% 


0.32%(4KHz) 


ViN=4.0Vp Rl=I 5 kO 


0.05% 


0.13%(lKHz) 


Cl= 200 pF 


0.16% 


0.20%(4KHz) 


Tsettling (0.1%) 


3.0us 


<5.0us 


Slew rate 


0.8V/US 


0.6V/US 


l/f noise at IKHz 


N/A 


130nV/Hz 


Broad-band noise 


N/A 


49nV/Hz 


Die area 




ISOOmils^ 



TABLE n 

rOMPONFNT SITZFS: r iim nP\ 






MI6 


184/9 


M8A 


481/6 


MI7 


66/12 


M13 


66/12 


M8 


184/6 


M9 


27/6 


Ml, M2 


36/10 


MIO 


6/22 


M3,M4 


194/6 


Mil 


14/6 


M3H,M4H 


16/12 


M12 


140/6 


M5 


145/12 


MP3 


8/6 


M6 


2647/6 


MN3 


244/6 


MRC 


48/10 


MP4 


43/12 


CC 


11.0 


MN4 


12/6 


M1A,M2A 


88/12 


MP5 


6/6 


M3A,M4A 


196/6 


MN3A 


6/6 


M3HA,M4HA 


10/12 


MP3A 


337/6 


MSA 


229/12 


MN4A 


24/12 


M6A 


2420/6 


MP4A 


20/12 


MRE 


25/12 


MN5A 


6/6 


CE 


10.0 







Maximum loads : 300Q and lOOOpF to ground. 
Ref.dEEE JSSC , vol.SC-18 , pp.624-629 , Dec. 1983 
2. High-performance CMOS power amplifier (Siemens AG) 
(1). New input stage : 3 gain stages. 




* Cc is connected to the source of Mg to improve PSRR 








Design guidelines for stability : 
g,n& large, 

(2). Output stage 




Class AB source follower 



* One pole and one zero at high frequencies. 

* Not full swing 





Pseudo source follower 

* The quiescent current in Mi and M2 will vary widely with variations in 
\f)sl and \f)s2. 

* Suitable common- mode range of the two amplifiers Ai and A2 are 
required. 

* Large phase shift at high frequencies due to Ai and A2 ^ stability 
problem. 

Combined output stage: 

* Ml and M2 are turned off in the quiescent state by building a small offset 
voltage into Ai and A2=^ M3-M6 control the output quiescent currents. 

* M2 (Ml) sinks (sources) approximately 95% of the required currents. 

* Ml and M2 provide a high-frequency feed- forward path. 




Still has a smaller swing limited by M5, Mg . 
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* Mi3, Mi 4 and M15 form a circuit to turn off M15 when Vout < Vxpn 
(negative) 

* Cc : compensation. 

* Three poles and one zeros. 






Sml +8 



mbsl 



C + C 



gsl 



p. 



-8 l 



C, + Cc 



8 ml5 
8 ds 6 






gm?(^c + Q) 

2CX, 



S^iSds,iC, + C^^) . 



+ 



^ ds6 






S^ iiC^ +C^) 

2Cr, 



when 



Q P' gs9 P'dbf) P'dbl P' gdl 
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TABLE I Component Sizes 



Ml 


400/15 


MHl 


48/10 


MLl 


48/6 


M2 


400/15 


MH2 


50/10 


ML2 


50/6 


M3 


150/10 


MH3 


500/15 


ML3 


300/15 


M4 


150/10 


MH4 


300/6 


ML4 


150/5 


M5 


100/15 


MH5 


300/6 


ML5 


100/5 


M6 


150/10 


MH6 


200/5 


ML6 


300/6 


M7 


150/10 


MH7 


250/15 


ML7 


100/15 


M8 


300/5 


MH8 


700/6 


ML8 


400/5 


M9 


300/5 


MH9 


15/6 


ML9 


5/5 


MIO 


300/10 


MHIO 


10/15 


MLIO 


5/15 


Mil 


300/10 


MHll 


20/15 


MLll 


15/15 


M12 


1200/10 


Cel 


20pf 






M13 


600/10 


Cc2 


4pf 






M14 


200/5 


Cc3 


4pf 






M15 


200/5 










M16 


600/6 










M17 


600/6 













TABLE n 

POWER AMPEMER PEREORMANCE SUMMARY 
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(Eirst Revision) 



parameter 


Measured Results 


Supplies 


+5V 


Open-Eoop Gain 


93dB 


Bandwidth 


1.2MHz 


Power Dissipation x 


12.7 mW 


6 


1.76mW 


Output Swing (Rl=200L) 


+3. IV 


PSRR-i- at DC 


93dB 


1 kHz 


91dB 


10 kHz 


76dB 


100 kHz 


60dB 


PSRR- at DC 


102dB 


1 kHz 


89dB 


10 kHz 


75dB 


100 kHz 


53dB 


Slew Rate 


1.5V/1S 


Input Common Mode Range 


-t3.3V 




-5.5V 


Die Area (5i m CMOS) 


1000 mils^ 


Harmonic Distortion (3 kHz) 
Vin=3 Vp Rl=200U 




HD2 


-73dB 


HD3 


-78dB 



Maximum Eoads : lOOOpE and 200Uto ground. 

Ref.: IEEE JSSC , vol. sc-20, pp.1200-1205, Dec. 1985. 






















3. Efficient Unity-gain CMOS buffer for driving large Cl- 
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High- drive OTA buffer 



Bias stage 





TABLE I 

TRANSISTORS’ DIMENSIONS 



TRANSISTOR 


W(pm) 


L (pm) 


MXl, MX5 


225 


3 


MX2 


75 


3 


MX3 


30 


3 


MX4, MX6 


90 


3 


MRI 


6 


21 


MAI, MA4 


45 


3 


MA2, MA3 


450 


3 


MAS 


36 


3 


MX7 


600 


3 


MX8 


240 


3 



* Mri has a low W/L and is operated in the linear region 
^ like a linear resistor. 

* Mx 2 and Mx3 
Quiescent operation: 

Mx 2 and Mx 3 are on. 



^ Keep Vgsmx 7 and Vgsmxs low to reduce dc power. 
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The low-order poles created by the Miller cap. of and Mxg can be 
avoid 

* IfVin«0 

Mx 3 -Mx 6 are turned off and Mxi and Mx 2 are on 
^ Node A has a high voltage ^ Mx? off. 

Vb= Va because of Mri ^ Mxg on. 

* In the bias circuit, Mr 2 Mrj, Mgi Mxi, Mg 2 Mx 2 , Mb 3 Mx 3 , Mb 4 <— i 

Mx4. 

In the quiescent case, Vqsmxi ~ Vqsmxv and Vgsmx4 ~ Vgsmxs 
^ The current in Mbi and Mb 4 controls that in Mxi and Mx 4 and Mx? and Mxg. 

* Rbias controls the current through Mb2 and Mb3. 

^ i.e. the current through Mx 2 and Mx 3 . 

Characteristics: 

3 |im CMOS area: lOOmils^. 

Cl ^ lOOpF and Rl ^ 10 kO. : stable. 

CL=5000pF^f - lOOkHz. 



TABLE n 

BUFFER’ S PEREORMANCE 



PARAMETER 


MEASURED VAEUE 


SPICE 


Supply \bltage 


±2.5 V 


±2.5 V 


Supply Current 


285 pA 


270 pA 


\bffset 


< 10 mV 


5 mV 


\bltage Gain 


-1- 1.00 V/V 


-1- 1.00 V/V 


F3dB (Cl=100pE) 


6 MHz 


8 MHz 


Gain Peaking 


0.4 dB 


0 


RoCL 


330 a 


270 0 


CMRR 


80 dB 


84 dB 


Input CM Range 


± 1.8 V 


± 1.7 V 


SR (CE=5nE) 


± 0.9 V/ps 


± 1. 0 V/ps 



Tsettling (to 1%) 



3.9 |is 



4 ps 
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Ref.: IEEE JSSC, vol. sc-21, pp.464-469, June 1986. 



§ 8-4 Advanced Design Techniques on Fully differential type CMOS OP AMPs 

1. Eow-noise chopper-stabilized OP AMP 
Techniques for the reduction of 1/f noise: 

1) Use large device geometries. 

Possibly too large chip area. 

2) Use buried channel devices 

Not a standard technology. 

3) Transform the noise to a higher frequency range 
So that it does not contaminate the signal. 

a. The correlated double sampling (CDS) method 

b. The chopper stabilization method 

a. CDS method 




^ Noise reduction 



b. Chopper stabilization method 
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/ 



* If the chopper frequency is much higher than the signal bandwidth, the 1/f 
noise in the signal band will be greatly reduced. 

Example: Fully differential class AB chopper stabilized OP AMP with DCMFB circuit. 

Major advantage of fully differential OP AMPs: 

1. Improvement of PSRR 

2. Improvement of dynamic range 

3. double the output swing 

4. Reduction on the sensitivity to clock and supply noise. 



Disadvantage: 






1 . Larger area, mainly due to interconnection 

2. Additional design complexity 

3. Increase power dissipation. 
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M9 


10 


3.5 


M27 


3 


7 


MIO 


10 


3.5 


M28 


3 


7 


Mil 


4 


3.5 


M29 


12 


3.5 


M12 


4 


3.5 


M30 


12 


3.5 




17.5 


3.5 


M31 


16 


3.5 


M14 


17.5 


3.5 


M32 


18 


3.5 


M15 


7 


3.5 


M33-M34 


7 


3 


M16 


7 


3.5 


M55 


7 


3 


M17 


17.5 


3.5 


M56 


7 


3 


M18 


17.5 


3.5 









Ref: IEEE JSSC vol.sc-21, pp.57-64 Eeb.1986 



2. Eully differential folded cascode amplifier(National Semiconductor) 
Eor internal OP AMPs, high output impedance is O.K. 

^ simple 2-stage or single-stage OP AMP. 





TWO-STAGE SINGEE-STAGE 

CASCODE 



DOMINANT AND NONDOMINANT POEE EOCATIONS 
EOR THE TWO- AND SINGEE-STAGE AMPEIEIERS 





Dominant 


Nondominant 




pole location 


pole location 


Two-stage 


1 


S m 


amplifier 


r C Q r 

m o 


Q 


One-stage 


1 


S m 


amplifier 


roCLSmro 





In general, the higher the 2’’‘* pole frequency, the faster the settling response. 
^ Single-stage cascode amp. has a faster settling behavior. 
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Active portion of the amplifier for a positive input signal. 



Detailed schematic of the entire amplifier without CMFB: 
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* NMOS dynamically biased current mirror: 




If fg ^30 5 ^GS9 ^GS13 



GS15 

^DSU ~^GS30 ~^GS9 

Set ^£,(313 — ^ I^GS30 “ ^I^GS9 ~ ^r/ 



^ Mj 3 is always sat. at the edge of the linear region. 



^ Output swing T 
* Dynamic CMFB is used. 

AMPLIFIER DEVICE SIZES 



DEVICE 


Z(|a m) 


E(|a m) 


Ml 


180 


6 


M2 


180 


6 


M3 


140 


6 


M4 


140 


6 


M5 


150 


6 


M6 


150 


6 


M7 


200 


6 


M8 


200 


6 


M9 


22 


10 


MIO 


22 


10 
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Mil 


29 


7 


M12 


29 


7 


M13 


22 


10 


M14 


29 


7 


M15 


22 


6 


M16 


29 


6 


M17 


29 


7 


M18 


22 


10 


M19 


22 


6 


M20 


29 


6 


M21 


20 


9 


M22 


6 


12 


M23 


28 


6 


M24 


6 


14 


M25 


20 


9 


M26 


6 


12 


M27 


28 


6 


M30 


6 


14 



AMPLIHER SPECIHCATIONS 



CORE AMPEIEIER SPECIHCATIONS 
(0-5 'Milts Supply) 

100|i 'W Quiescent Power Dissipation 


DIEEERENTIAE GAIN 


>10.000* 


UNITY GAIN EREQUENCY 


2 MHz* 


NOISE 


140nV/V^ IKHz 




50 n’V/ -JHz white 


OUTPUT SWING 


0.5 'Milts from Supply* 


AREA 


300 mils^ 



★ inferred from filter measurement 
Ref: IEEE JSSC, vol. SC-20, pp. 1122- 1132, Dec. 1985 


























8-30 

CHUNG- YU WU 



4. Fully differential class AB OP AMP with CMFB circuit 




Characteristics: 

Technology : Sum, P-well CMOS, double-poly cap. 

Open loop gian : 1180 unity- gain freq : lOMhez 

CMRR : 61db power consumption : 2.3mw 

Area : 290 mils^ power supply : ± 5V 

Ref: IEEE JSSC ,vol.sc-20 , pp.1103-1112 , Ddec,1985 
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§ 8-5 Recent Design Examples of CMOS OP AMPs 
§ 8-5.1 Fast-settling CMOS OP AMP for SC Circuit with 90-dB DC Gain 

Reference : IEEE JSSC, vol.25, no. 6, pp. 1379-1384, Dec 1990. 

1 .Gain boosting 

1 ) Cascode gain stage with gain enhancement 




Ku, = [gmiroiiKdd +1) + lki + 

Kt = gmlfol [g„r2ro2(Add + 1) + l] 

^orig ~ g m\g m2^o\^o2 

2 ) Repetitive implementation of gain enhancement 



-i-VDD 




2.High-frequency behavior 
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CO3 : Upper 3 -dB frequency of 

CO5 : Unity- gain frequency of 
CO2 : Upper 3 -dB frequency of 
CO4 : Unity-gain frequency of 
C0| : Upper 3 -dB frequency of 

CO5 : Unity- gain frequency of A^„.^ 



We want 0)5|Aorig=C05| 

0)2> COi => The bandwidth is determined by COi, i.e. Rout and Cioad. 

=> 0 ) 4 > CO 3 

But CO 4 < 0) 5 for easy design of Aadd- 

Aadd and M 2 forms a close loop with the dominant pole of CO 2 and the second pole at the 
source of M 2 , i.e. COg 

The stability consideration requires CO 4 < COg 
=>The safe range of CO 4 is 

C03< C04< C06 

* The repetitive usage of the gain- enhancement techniques yields a decoupling of the 
op-amp gain and unity-gain frequency fu. That is:gainT without fu-i . 

3 . Settling behavior 

1 . Total output impedance Ztot 

Ztot= Z,j,^4 Zioad: impedance of Cioad 

Zout: output impedance of the amplifier 
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CO2 : Upper- 3 dB freq. Of 
^the same for 

CO4 : Unity-gain freq. Of 
For CO > CO4, 

zero is formed at CO4 for Z^^, 

^ total - '^load II '^out polo-zoro doublot is formed around CO4 

^The same doublet of 
3 . Design technique for fast settling 

1 

The time constant of the doublet, , must be smaller than the main close-loop time 

COpz 

1 

constant, . where p is the feedback factor. 

Nun.y 

The safe range for the CO4 . 




pCOj < CO4 < COg 

doublet 



4 . CMOS OP AMP circuit 




+VDD 
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-VSS 

MAIN CHARACTERISTICS OF THE OP AMP 



Gain enh. 


on 


Off 


DC- gain 


90dB 


46dB 


Unity-gain freq. 


116MHz 


120MHz 


Eoad cap. 


16pF 


16pF 


Phase margin 


64deg. 


63deg 


Power cons. 


52mW 


45mW 


Output- swing 


4.2V 


4.2V 


Supply voltage 


5.0V 


5.0 V 


Settling time 


61.5ns 


- 


0.1%, AV^=W 







§ 8-5.2 IV Rail-to-Rail CMOS OP AMPs 

Ref.: IEEE JSSC vol.35, no. I, pp.33-44 Jan. 2000 
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1 . Typical input stage for rail-to-rail amplifiers 
* Parallel-connected complementary * Operating zones for low VDD/VSS 

differential pairs. 





* Operating zones for extremely low 
VDDA^SS 

A 

Vss Vg 

<c) 



SS 



Dead region. 

Both pairs are off. 



Z7Z\ ; NMOS pair is ON 
: PMOS pair is ON 




2. Dynamic level- shifting current generator 



Vi,n,cm=Vi,cm-i-IR 
Vi,p,cm=Vi,cmi -IR 



* The input resistance over the entire voltage range is infinite and no loading effect or 
input current over the previous stage. 



Usually mismatches cause negligible input current. 

* The symmetrical topology ensures very high CMRR 



CMRR = 



Ra„ R G„ 



where G„ = AZ/AV. 






Circuit implementation 
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3. Rail-to-rail very LV CMOS OP AMP with input dynamic level- shifting circuit 

^DD 




MAIN TRANSISTOR ASPECT RATIOS (IN pm) AND ELEMENT VALUES OE THE 
AMPLMER BASED ON COMPLEMENTARY PAIRS 



M1A,M1B 


400/5 


M15 


700/2 


M2A,M2B 


200/5 


R1-R4 


3QKQ. 


Ml, M2 


400/2 




5KQ. 


M3,M4 


200/2 




lOpE 


M5-M8 


400/5 


^ hn ^ bp 


lOpA 


M9-M12 


500/5 


h 


40pA 





4. Input CM adapter 
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is degraded by A and V. 
Circuit implementation: 




5. Very LV CMOS OP AMP with a single differential pair and the input CM adapter. 
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Main transistor ratios(in |im) and element values of the amplifier based on a single input pair 



MIAMIB 


1000/6 


M6 


1600/2 


M2A M2B 


600/4 


M7-M10 


300/4 


MA1-MA4 


50/2 


Mil 


700/2 


MA5-MA6 


300/4 


R1-R2 


i5Ka 


M2D 


150/2 


Rm 


5KO 


M1,M2 


200/2 


Cm 


5pE 


M3-M5 


400/2 


Is=Ir/2 


lOpA 



b.Measured results 



Experimental performance of amplifiers(Vsupply=iytechnology: 1.2pm CMOS, Cl=15pF) 



Parameter 


Dynamic-shifting amp 


CM adapater amp 


Active die area 


O.Slmm^ 


0.26 mm^ 


Ido(supply current) 


410uA 


208uA 


DC gain 


87dB 


70.5dB 


unity-gain frequency 


1.9Mhz 


2.1Mhz 


Phase margin 


61° 


73° 


SR-r 


0.8V/US 


0.9V/US 


SR- 


IV/us 


1.7V/US 


THDf0.5VDD@lkHz) 


-54dB 


-77dB 


THD(0.5VnD@40kHz 


-32dB 


-57dB 


Vni(@lKHz) 


267nV/ 4Hz 


359vNI4Hz 


Vni(@10KHz) 


9\vNI4Hz 


\1\vNI4Hz 


Vni(@lMHz) 


74nV/V/fc 


%2vNI4Hz 


CMRR 


62dB 


58dB 


PSRR+ 


-54.4dB 


-56.7dB 


PSRR- 


-52.1dB 


-51.5dB 



§8-5.3 1.5V High Drive CapabUity CMOS OP AMP 



Ref.: IEEE JSSC vol.34, no.2, pp. 248-252, Eeb. 1999 
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1 . Folded-mirror differential input stage 



Y <Y =2V +AV 

^ CM — ^ ^THn THn 




^CM - Kssat 5 + ^ 051,2 ~ '^^THn + ^^5 + ^^ 1.2 |_J 

IN-i-H 



CMR=V,^„-AV, 



AV : overdrive voltage. 

CMR is independent of supply voltage. 
For Vdd=1.5V , CMR=0.6 ~ 0.7V 



VrtaS! 

H 



Ml M2 

1 

a 



h° 

IN- 



1 



M5 



MonhHrMv 



-vss 



1 



CMR of the conventional NMOS-input differential pair is 0.3-0.5V 



2. Output Stage 



-i-VDD 




Input section : M1A-M4A , Iri , Ib 2 

Output section: M5A-M6A and M7A-M8A 
MSA, MSA sat 
M6A, M7A off. 

For low input levels , M6A and M7A off ^ Class A operation. 

For large positive input signals, 

Idia=Ibi ^ M3A and MSA OFF 
-Vss 

^ MgA is turned on to supply most of the output current. 
But M7A remains cutoff. 

The current of MSA is increased. 

For large negative input signals, M?a supplies most of the output current. 

(W/L) 5 a, 8 a « (W/L) 6 a, 7 a for low dc power dissipation and high drive. 




3 . Overall LV CMOS OP AMP. 
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Gain-bandwidth product: W. 



8 



ml, 2 



GBW 



Cl 



Hybrid nested Miller compensation: Cci, Cqi, Cc3a,b 

The inner amplifier M8,M9 ,Mia~M8a contributes the nondominant poles. 

8 ml, 2 



* The two- stage OP AMP Mi-Mghas a gain-bandwidth product of 



C 



c2 



and the gain of 



8 mX 2 



at high frequency. The gain of M1-M7 at high frequency is 






ml 2 






Thus the gain of the gain stage M8 and M 9 is approximately equal to 



C, 



Cl 



C, 



C2 



The open-loop gain of the inner amplifier is 



=■ 



'^ci 



^^m3A,4A J 



S ml A,2A 






^8m5A,8A (CSA fCsA ) 



Dominant pole : C0pi,„ = 
Second pole : C0p2,„ = 



8 



m3A,4A 



S m5A,8A (GsA II C)8a)^C3A,B 
^8 m5A,& A 



c, 
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Gain-bandwidth product : 

or the second pole of the ^c3a,b 

whole amplifier 
Design consideration : 

To obtain a maximally flat Butterworth response without gain peaking, we have the 
unity-gain frequency equal to one half of the second-pole frequency. 

_ 1 

^GBWin ~ ^uin ~ 

_ 1 _ 1 

^GBW ~ ~^^GBWin 

Reference : IEEE JSSC, vol.27, pp. 1709- 17 16, Dec. 1992. 

Setting 2C(-3^g = C(- 2 ’ we have 



C 



Cl 




S m5A,^A 



C =2C 

'^C2 ^'^C3A,B 



= ^l^r, 



ml, 2SmlA,2A 



c, 



g 



m5 A,8 A 



Component values : 



M1,M2,M3,M9,M1A,M2A,M10 


60/2 


M4,M5,M11,M12,M13 


20/2 


M6,M7 


15/2 


M8 


90/2 


M3A 


5/1.2 


M4A 


15/1.2 


MSA 


30/1.2 


M7A 


120/1.2 


M6A 


360/1.2 


M8A 


90/1.2 


M14,M16 


10/1.2 


M15,MC 


30/2 


Cci 


4pE 


Cc2 


6pE 


CcsajCcsb 


2pE 


Ibias 


5uA 


VxH 


0.8V 
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Experimental results: 



MEASURED MAIN PEREORMANCE 



Open-Eoop Gain 


68dB 


GBW 


IMHz 


Phase Margin 


65° 


Gain Margin 


16dB 


Settling Time(0.1%), AV = 200mV 


400ns 


Slew Rate 


1 V/^ s 


THD@lkHz y ., =0.5E RE=500Q 


-57dB 


Closed-Eoop Gain=20dB 




PSRR-i-@lkHz 


75dB 


PSRR- @lkHz 


75dB 


CMRR @lkHz 


95dB 


Offset 


< 8mv 


Power Dissipation 


280m W 


Die Size 


0.08 mm^ 


Technology 


1.2m mCMOS 


Eoading 


50pE II 5000 
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Chapter 9 Passive Components and Switches 

§9-1 Resistors 

1. Source/Drain diffused resistor 

Thermal oxide 




* Compatible with NMOS and CMOS, metal-gate and Si-gate 
techniologies. 

* Rn = 20~100aiU (lOOKQ. max) 

* Temperature Coefficient of Resistance (TCR) = 500-1500 
ppm/°C. 

Voltage Coefficient of Resistance (VCR)=100~500ppm/°C 
Tolerance=± 20% (Absolute) 

* High parasitic capacitance (n'^-p junction cap.) 

Piezoresistance error. (Because of shallow junction) 

2. P-weU (N-well) diffused resistor (Well or tub resistor) 

Thermal oxide 




* 

* 



Compatible with CMOS metal-gate or Si-gate technology. 

Ka=iKa - 5Ka /□ 

Large VCR 




Tolarance=± 40% (absolute) 

* Large depth and lateral 

spreading ^ narrow resistors are impossible. 
3. Implanted resistor 
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* Compatible with NMOS and CMOS, metal-gate and Si-gate 
technologies. 

* Need an additional masking step. 

* Rn> 500^2 ~ lOOOQ. /□ ; can be accurately controlled. 

* Higher VCR ; smaller tolerance. 

* Difficult to eliminate the piezoresistance effect. 

* The resistor implant can be combined with the depletion 
implant. 

4 . Poly-Si resistor 

Vapor-deposited oxide 




* Realizable by NMOS and CMOS Si-gate technologies. 

* R □ = 300. ~ 2000 / □ (doped with the source/drain 
diffusion) 

* TCR= 500-1500 ppm/°C ; Tolerance=± 40% 




* Can be trimmed by laser or poly fuse. 

* Fully isolated with smaller parasitic capacitance. 
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^ Version I :Poly-I resistor 

^ Version II:Poly-II resistor 

^ ^ Version HI :Poly-I and Poly -II distributed RC structure 

(please see the structure shown in poly to poly 
capacitor) 

5. Switched-capacitor simulated resistor 

* Realizable by NMOS and CMOS , metal-gate and Sigate 
technologies. 

* High frequency operation? 






y 



R 



V. 




R 



6. Thin-film resistor 

* Realizable by NMOS and CMOS, metal-gate and Si-gate 
technologies. 

* Need additional process steps. 

* Si-Chromium resistor or Mo resistor. 

* Laser trimming is possible. 

* Non-conventional material may be involved. 



/c is the clock frequency of cj) or (|) 



c(v-v) 






C f,-C 



§9-2 Capacitors 

1. PN junction capacitor 

* Well known and understood. 

* Nonlinear capacitance with a large VCR. 




* Compatible with all MOS technologies. 
2. MOS capacitor 
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* Realizable only by NMOS and CMOS metal- gate 
technology. 

* TC=25ppm/°C 
Tolerance=+15% 

VC=25ppmA^ 

* Voltage-dependent capacitance 

accumulation depletion 

Co (Co‘^ Cd'^)'^ 

3. Poly (or metal ) to bulk silicon capacitor 




* Realizable by NMOS and CMOS poly-Si-gate (metal-gate ) 
technologies. 

* Need an extra mask to define the heavy rt implant as the 
bottom plate. 

* Can be trimmed by laser on poly -fuse. 

( Poly-fuse : blown with 10-20mA ) 

* Bottom plate pn junction parasitic capacitance (~ 1 5% - 30% ) 

* VC of the capacitor- -lOppnW 




* TC - 20-50 ppm/°C 

* Tolerance ~ +15% 

4. Poly to field implant region capacitor 




p-sub 




O 

substrate 
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* Realizable only by NMOS and CMOS Si-gate technologies 
with the field implant. 

* Smaller oxide capacitance per unit area 

Thick field oxide 

* The capacitor’ s bottom plate must be always connected to 
the substrate. 

* Low quality dielectric oxide. 

5. Metal to poly capacitor 




* Realizable by NMOS and CMOS Si-gate technologies. 

* Interdielectric is poly -oxide. 

* Extra mask to define the ploy-oxide pattern. 

* Poly fuse trimming is possible. 

* CVD oxide is not good as capacitor dielectric 
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hysteresis in Q-V due to 


dielectric i 


relaxation. 


<. 




* Eor reliability consideration, the 


4 


t— 


top metal layer must be larger than 


<^0 = 


- 


the poly oxide layer. 






=> Cxhick exists 






=> parasitic capacitance 


< 


> 


* VC=100ppm/v, TC=100ppm/°C 







6. poly to poly capacitor 



d= C. 



Thick 



poly to substrate 
parasitic cap. 



deposited Thin thermal 




* Realizable by NMOS and CMOS double -poly technologies. 

* VC=100ppm/v 
TC=100ppm/°C 

* Double -poly 

=> EPROM or PROM are available 

o 

=> may be applied in trimming _L 

* The poly2 area may be smaller than the poly-oxide area 

=> small Cxhick "J 

General Reference: D. J. Allstot and W. C Black, Jr., IEEE Proc. 

vol-71, pp967-986, 1983. 



§9-3 Tolerance Considerations. 

Resistors : Absolute tolerance ~ ± 20 % ~ ± 40 % 

Matching or ratio tolerance ~ ±0.1% ~ ±10% 
Capacitors: Absolute tolerance ~ ± 15 % 








Matching or ratio tolerance ~ ±0.01% ~ ±1% 
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Resistors : 



„ „ L AR AL ARs AL AW 

R-Rs — , = ~ 

W R L Rs L W 

, AL ^ AR AW 

If L IS large => — ~ 0 => — ~ 

L R W 



R = — , o„ = 

XtW 



f ^ ~ V V (hXt^^ 



bp 

vP y 



± 



5L 

V ^ y 



± 



Uy 



± 



yXtj 



1/2 



5W 

W 



for long resistor 



* Long resistor pattern is recommended in precise resistors. 
Capacitors: 

C = AC _ AW ^ AL ^ A^,^o2 ^ox 



C 



c W L 8 ,, ,2 






edge effect Oxide effect 
CASE I : Absolute tolerance 

AC AW AL..„„, , , 11 A 1 A 

+ — (it W and L are small or Ae •, ,and Atox are 

C W L ' 

neghble) 

If A W and A L are independent witha^ = 



^ AC ~^lM„r2 



± (random variation) 



W^ L^ 

C 

A . AA, J 

Assume L=W=d , ^ — is minim um 



d 



AC 

C 



square/ L=W ) ^ ^ AC 
C 



non-square(W^L ) 



For the same WL , minimum perimeter leads to mi nimum 
telerance. 

Circular shape? 

CASEII : Ratio or Matching tolerance under geometry random 
variation 




_Cj _ WjLj da _ dCj JC 2 
C 2 W 2 L 2 ' a Cj C 2 




^ ^ da J if Lj — Wj — -Jod (1) 

— d 

C* min 
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square versus square 

CASE ni : Ratio tolerance under the u ni form undercut effect 
Uniform undercut is not a random variation. 



T =// 




_ WiLi - PjAx + 4Ax^ _ WjLj - PjAx 

^actual - ~ ^2 _ 

Aa _ Ar , p , 

= “77' U “ / 

ad a 



IF ^ 2 = — =>Aa=0 i.e. 4d ^ 

a 



_2(Wj+Lj) 



WjLj^ad^ 

2(Wj+Lj )^4da 

=^Wj -d(a--Ja^ -a ) Q Lj -d(a+-\la^ -a ) (2) 




If a = 7 , both conditions(l) and (2) can be satisfied 
=> Ratio tolerance si- 
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CASE IV : Ratio tolerance under edge and oxide effects chung-yuwu 



Take a-1 => unit capacitor array 





* Centralized structure to avoid the oxide effect. 

* Dummy capacitor may be omitted to save area. 

* Ratio tolerance can be ±0.06 % 

Similarly, for resistors, we have 




dummy dummy 

resistor resistor 



* Ratio tolerance can be ±0.25 % 

§ 9-4 The MOS Switch 

1. The NMOS switch 

1) If V(^Vi+Vthn , Mn on => V 2 =Vi full transimission 
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Example: 

Vi= OV, 3V => V2= 0 
Vi= 5V, 8V, Vtn =1.5V => ¥ 2 = 5V 

2) If Vj + on 

Example: = 5V , Vj -5V , Vj^j^ = 1.5V (under substrate 

bias), Vgg = OV 



=>y^ ^3.5V 
3) If V^<V,„^, M^off 

Node 1 or 2 may be floating 

=> Vior V 2 will be gradually charged or discharged by the 
leakage current in MOS or PN junctions. 



cHl 



K 




J 

p 






A 



If V^ - OV for a very long time, V^ -^OV by the n^p 

junction leakage current => Not allowable in circuit design 
* When the switch is turned on or off, the charging or 
discharging current is nonlinear => Nonlinear resistor 
Capacitance feedthrough effect: 
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error voltage 



Example: ~ 0.02PF,C2 = 2PF, = lOV , error voltage- O.IV 

Compensation circuit: 




2. The PMOS switch 




* Can pass high voltage without offset. 
Example: = OV , -5V -Vj 



=> V 2 -5V 1 - source and 




= 5V 




* Can’ t pass low voltage completely. 

Example: V^=0V, V2i=5V, Vj -OV , \Vjp 
=>^ 2 / ^1.5V^0V 
3. The CMOS switch 
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1.5V 




* Full transmission 

* The clock feedthrough effect can be greatly compensated, if 

the delay between VI and V- is zero. 

^ (|) 

* Nonlinear and and the delay between and 

V- make the compensation of the feedthrough effect quite 

(|> 

complicated. 

* If V, =5v ,y ^5v,Vp^ ^\v„ \^i.5v 

(|) 

V^^ov ^V2^5V- 1.5V ^ 3.5V : NMOS and PMOS 
V 2 ^3.5V ^V2^5V\ Only PMOS 
IfVi=0V, V2i=5V 

= 5V ^ V 2 = 1.5V \ NMOS and PMOS 
V 2 = 1.5V -^V2^0V: Only NMOS 
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Chapter 10 CMOS Bandgap References 

§10-1 Basic Principles of Bandgap References (BGR) 

^BE(on) ~ therm ^1 ^ ) 

I g = qAn^^D^ I : Reverse saturation current of a BIT 
= Bn. ^ D A: Area of a BJT 

= B n. ^T\y : Base minority carrier charges 

where B and B are D : Average diffusivity of carriers 

constants, indep. of T. 

p = Cr“" CrConstant, indep. of T. 

n:Temp. exponent. 

n. ^ = ET^ exp(-Ugo / ) E : Constant, indep. of T. 

: Energy gap. 

^ VnEion^=mV,,^^^Hir^Fcxp(V^^/V,,^^J] 

E : Constant , indep. of T. 

Y = 4 - n 

7j = Gr“ where /j is the collector current and 
G is a temp.-indep. constant. 

^ VsEion, = Vao - -a) In r - In(EG)] 

In general, the output voltage is a sum of , and with a 

weighting factor K such that is nearly indep. of T. 

VsEio., + - my,,_(Y -a) Inr + my,,_[7: + In(EG)] .(.1) 



_ Q _ thermo 



[t: + In(EG)]- (Y-a)lnr^ (y-a) + —V^ 



K + \n(EG) = (y-a)\nTo+(y-a)- —V, 



dT mV, 



Substituting (2) into (1) , we have 




V.., = Voo + mv„,,jy -a)(l + lii^) -T-^V„„ 

T dT 






7.02x10^ 

r+1108 



d 

— y 

dT 



GO 



T=Tn 



14.04 xlO"Yo(ro + 1108) -7.02x10^ -To 

(r. +1108)" 



10-2 

CHUNG- YU WU 



14.04 xio-^r^ 7.02xl0“yr/ 

To + 1108 (ro+1108)" 



•y„ 



T 7 02x10"* -7^ 

= my,,..(Y-«)(l+ln^)+U6- • 

14.04xl0"yro7 7.02x10^ -ryr 

7^+1108 ^ (7o+1108)" 



If y = 3.2,m=l,a = l,7o =25'"C 



y 



t(Y) 7-^25° C 



= 1.16 + 2.2(0.0259) 
= 1.093y 



21.06xl0"^(298)" 7.02x10^(298)" 

298 + 1108 (298 + 1108)" 



§10-2 Bipolar Bandgap Reference 




Adjust R2/R3 , Isi^hi to give a suitable K 



And Keep I = l2 obtain 



hi =hi and = 

^ SI 1 1 



to obtain ¥^,^,=¥2,^2. 
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§10-3 CMOS Real Bandgap Reference (BGR) 

§10-3.1 CMOS BGR via BJTs and Resistors 

Version 1: Version 2: 

N-well CMOS, positive Vref N-well CMOS, Negative Vref 




Qi,Q 2 :Substrage-well-source/drain parasitic vertical BJTs 

Vbe = my them. 






REF 



= iiv.,, + ^ ^ + In U) + V I 



R. 






R. 



Typical design values: 

Ii=80|i A b=8|a A 

R2==2:^ = 75i^Q, R^=^ = 7.5KQ, R^=^^^ = 1.5KQ 
8H A ‘10 ^ 8m A 

Large resistance^use well resistors 

R1 ,R2,R3 : n+/p+ diffusion resistors 

n+ - poly resistors 

well resistors 

Both transistors are in the active region 



Error analysis: 

1 . Error due to base resistances 
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P, 



BE - ^ therm In A + V lu V 



In 



h 




If di, a .2 are not large enough or Tb is too large, 
^ due to Tb and P is large. 



V 



REF 



1 + ^ 

^ ^ y therm (lu ^ + lu ^ + lu ^ G - 



A 



R. 



R. 



Rt Ai 1 + J_ ^3 P2 AP, 

P2 



)} 



2.Error due to input offset voltage Vos 

Vos=10mV, Vos(l + — ) = lOVos = lOOmV 
R 3 

TC error due to 



V, 



1 d 



V. 



os • jrr REF 

V^ef dT 



(1 + A)''< 

V T 

'' REF^t) 



OS 



3. Error due to Bias current variation 



lOxlOmV 

L26yx300^ 



= 264 ppm r C 



Vt 



h 



BEX 



y therm ^n yihrem 

■' SI 






R I 



SI 



(R3=Ri) 




.y In 

therm Yy /'T' \ T therm i-j /'T'\ 

(^0)^51 ^l(^) 



h=l2 
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If R, is indep. of T ^ V,, = In ^ 



R^(To)I 



SI 



If R, depends on T ^ V,, = In 









SI 



i?,(D 



y.. =y 



y. 



^ l dR' ^ 



BE BEli^al therm 



R dT 



V 



(r Tq ) 



' 1 d^R 




2R dT^ 

V 


rj 



W-ToY 



\ 



PTAT " PTAT 



PTAT ' prAr 



+y 



therm 



I dP 



2P" dT 



V 



I- 

PPAP ^ PTAT 



If R is only linearly dependent on T, we still have PTAT ^ term 
The PTAT ^ term can be cancelled via curvature compensations. 



4.TC Error due to Base Resistance 



Ay 



BE 



= U 



l± 

P2 



TC error = (1 -I- — )- 



K./P: 



1 dVf^ 1 dp 
A dT 



P dT 



1 ^P2 ^ 
P2 , 



Example : = 2Pf2 , TC of = lOOOppm 7*^ C , p = 30|oA , P = 150 , 

TCof ^ = 1000ppmPC 
^ TC = -8.6 ppm/® C 



5. Error due to base current 

Base current cancellation technique 

*To compensate for the different between the collector, emitter, or base current 




Version 1: 

+VDD 
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Version2: 



-i-VDD 




Ref: 1. IEEE J .Solid-State Circuits, vol.SC-18, pp634-640, DEC. 1983 
2. IEEE J .Solid-State Circuits, vol.SC-19, ppl014-1021, DEC. 1984 
The circuit to obtain Vref from a BGR 



-i-VDD 




§ 10-3.2 Improved structure 




Vo=VBE3-i- [In(ocy)] (1-i-R/R) =>Bandgap Reference 

q 



5. Low Power Supply Circuit: 

Voo T I 
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*Low driving capability 
Power supply limits: 





Eow Possible 


Voltage T=25°C 


Bandgap reference 
Topology 


PMOS Inputs 


NMOS Inputs 




Vtp<1.0V 


V™<I.0V 


1 


1.5v 


2.2v 


2 


1.95v 


2.95v 


3 


1.90v 


- 


5 


2.5v 


I.5v 



§ 10-3.3 CMOS BGR via lateral Transistor 

RcLIEEE J .Solid-State Circuits, vol. SC-20, pp. 1151- 1157, DEC. 1985 
Structure of a lateral BJT in CMOS: 







A. 
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G 




8 C 



E 



metal 



C 



s 




Wtage reference via LBJT: 
Conceptual circuitQ 





A: Current comparator 
VCC:\foltage-controlled current source 
G:A negative voltage is applied to cause 
accumulation. 



Advantages :(l)The offset of the amplifier A has a negligible effect on Vref 
( 2)Simple structure. 

Purpose of VCC : To provide a current path for Iri»Ibi,Ib2 




-Vss 

* High supply voltage. 

* Two source follwers+one emitter follower 
in(A) current amp.=>higher current gain 
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-l-VDD 




* Low supply voltage 

* Low current gain in A 
* R2 is trimmable 



R4,R3,T3:VCC 

R3: To keep T3 from quasi- saturation 

R4:To sense the output voltage and transform it into the collector current of T3. 

* All resistor are polyresistors 

* Low output impedance. 



Measured results: 

Vref mean: 1.2285V ; 

Minimal supply voltage 
Supply current 

Noise spectra 



standard deviation : 1501 V 
2.2V 
79iA 



PSRR(lOOHz) 60dB 

Load regulation (i^ut/Iout) 3.6i V/i A 

Chip area 0.42 mm^ 



High PSRR BGR: 

* Ri,R 2 may be p-well resistors and PSRR still high. 
Experimental results: 
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-l-VDD 



Vref 

Minimal Supply 
Supply Current 

Noise Speetra 



PSRR(lOOHz) 
Load Regulation 



1.2281V (mean) 

3501 V (6) 

1.7 V 
20iA 

V//_ (white) 

77dB 

4.1mv/iA 




(AVout/Iout) 



Chip area 0.18 mm^ 

Curvature-Compensated BCR: 

Ref: IEEE J. Solid-State Circuits, vol. sc-20, pp. 1283- 1285, Dec. 1985 



§10-4 High-Precision Curvature -Compensated CMOS Bandgap 
Voltage References (BVR) 

Ref: Int. J. of Analog ICs and Signal Processing, Kluwer, pp. 207-215, 1992 
1 . Type A structure 

The circuit stricture of the proposed BVR (Type A) 



vm> 
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The Spice simulated output voltages versus temperature in Type C BVR 

Vout (V) 




The measured output voltages versus temperature in the fabricared cascaded- structure 
BVR(Type C)[ 3.5 i m CMOS technology , Ri=lKt[external),R2=25.9Kt[external)] 



Vout (V) 
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* Average temperature drift 

5.5ppm/°C -60"C~-tl50‘’C 

5V-15V 

* At 25 °C, average voltage drift 25i V/V 

Vout=l. 1963V ~ 1.1965V 

5V ~ 15V 

* 2 mil^ 0.8 mW at 5V 



§10-5 CMOS Bandgap Reference with Sub-l-V Operation 

Ref.: IEEE JSSC, vol.34, pp.670~674, May 1999 

Concept: * Convertional BGR = 1.25V 

Can’ t be operated below IV supply. 

* The built-in voltage V ^ of the diode the current 

The thermal voltage — > the current 

1. Schematic of the proposed BGR 




PONRST CH 





Native NMOS Vjj,, = -0.2V 
NMOS Vy^^=+0.7V 
PMOS Vr^p = -1.0V 
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*The diode is realized by the parasitic In- well IP- substract BJT as 




*C[ and Cj are used to stabilized the circuit. 

*The control signal PONRST is used to initialize the BGR circuit when the power 
is turned on. 



*R,=R, 

ya=y, 

h ~ ^2 ~ ^3 ha ~ ha ’ hb ~ hb 
dyf=yf2-yf2=hberJ^(N) , A^=100 



ha = 



dV, 



R, 

yn 



V, 



therm 



’--tr''' 

h ~ h ~ ha hb 

Ki 



2. Simulated characteristics 




Vdd(V) 



2.0 





Vref (V) 
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1.25V conventional BGR 

= 0.84V proposed BGR 
3. Minimum V^^, 

min Vj = Vj = V^ — = Vy -I- |Vj^^ | = V^^, -I- Vj^p = min V^^ — |Vj.^p| 

^ min Vp,p, = Vy -I- |Vj^^ | -I- |Vj^p| = 0.8-1 .OV 
0.54 -0.2 -0.3 



4. Measured results: 




0 12 3 4 

Vdd (V) 



*TC = eOppml^ C 27® - 125®C 
\bltage drift (average) = 600|aV /V 2.2V-4V 
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CH 11 Digital-to- Analog Converters (DACs) in CMOS 
Technology 

§11-1 Introduction 

1. Block diagram 




(Digital signal processing has better noise immunity than analog signal processing.) 



Fig. 11.1 A block diagram of a typical signal processing system 




Analog 

Output 



Fig. 1 1.2 Functional block diagram of a D/A converte 
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2. Ideal DAC: 

Analog output signal Vout = Vref (bj2“'-i-b22'^H -i-bN2'^) 

Vref: analog reference signal 

bj b^ : N-bit digital data input 

The signal change when one LSB changes is VLsg 



V 

2 ^ 



If in LSB unit, 1LSB= 



3. DAC performance specifications 

(1) Resolution: The number of distinct analog levels corresponding to the 
different digital words. 

N-bit resolution 2'^distinct analog levels. 



(2) Offset error: 



V 

Eoff(DAC) = 

^LSB 



0....0 



(LSB) 



(3) Gain error: 



Egain(DAC) =[ 



V. 



_ r out 



V, 






1-1 Y 



out 



LSB ''LSB 



0 0 



]-(2N-l) (ESB) 
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(4) Accuracy 

absolute accuracy: The difference between the expected and actual 

transfer response. It includes the offset, gain, and 
linearity errors. 

relative accuracy: The accuracy after the offset and gain errors have 

been removed. 

^ maximum integrated nonlinearity (INL) error 

* Accuracy units: • % of full-scale value. 

• effective number of bits 

• fraction of an LSB 

* 12-bit accuracy ^ all errors Q 1 LSB 

(5) Integral nonlinearity (INL) error 

Definition: The deviation of actual transfer response from a straight 
line. 

INL error (best-fit) and INL error (endpoint) 

Usually, INL error is referred to as the maximum INL error. 



error 




0 0 



1 1 



Bin 
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(6) Differential nonlinearity (DNL) error 

Definition: The variation in analog step sizes away from 1 LSB. 

( usually, gain and offset errors have been removed) 

(7) Monotonicity: The output signal magnitude always increases as the input 

digital code increases. 

* Maximum DNL error □ 0.5 LSB ^ mono tonicity 

* Many monotonic DAC may have a maximum DNL errorQ 0.5 LSB 

* Maximum INL error Q 0.5 LSB ^ monotonicity 

(8) Settling time 

The time it takes for the DAC to settle to within some specified 
amount of the final value (usually 0.5 LSB) 

(9) Sampling rate 

The rate at which sample can be continuously converted. 

(Typically the sampling rate is equal to the inverse of the settling time) 

4. Types of DACs 

(1) Decoder-based DAC 

(2) Binary- weighted DAC 

(3) Thermometer-code DAC 

(4) Hybrid DAC 

(5) Oversampling DAC 




§11-2 Decoder-Based DA C 
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§11-2.1 Resistor-String DA C 

1. Conceptual 8-bit resistor-string DAC. 



REF+ 




2. Practical realization 

R0-R15: To divide Vj^p^ to V^pp' into 16 voltage intervals 

Ho-H,5 

Lo-Ljg: To divide each of those intervals into 16 
a - p subintervals 

* To insure maximum uniformity of step size, i.e. linearity, the resistance 
of the transmission gates should be made as large as possible ^minimal 
loading. 

* For 8-bit DAC, the error due to loading can be held to less than 1 LSB. 
if 16 Rt D 2X ( R; = 200^1, Rp D 3.2KQ) 
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8-bit Resistor-String DAC (Multiple Resistor-String DAC) 





Subinterval Generation: 
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14Rt's 




* Transmission gate size: 24|a/12|0.^3.2k^2=R-p 

* The raw speed of the DAC is limited by the resistance of transmission 
gates a-p and the capacitance of the output node, also by the 
operating speed of the output buffer. 

* Vdd = -rSV, -Vss = -5V, Vout : +2.5V 

Maximum conversion rate 0 full scale : 2.5MHz. 



* For 8-bit DAC, the jump in step size can be held to less than 1 LSB if 

R; 



16Rt >2''R,. 



IhR^Rj 
AR: ' R:+16R 



"1 _ 



T _ 



Ri Ri 

2NRj<16Rt occurs when Li=l 



-< 



1 



Rj-t-lhR-p 2 



N 
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§11-2.2 Folded Multiple Resistor-String DAC 

ISSCC 90 1 FRIDAY, FEBRUARY 16, 1990 / CONTINEPITAL BALLROOM 6^9 1 9:30 A.M. 

FAM 12.2: A SOMHz 10-bit CMOS Oigital-to-Anilog Convirtcr with 75^2 Buffir 

Msrct) Ptigrom 

Phili/ti Ritfch Latoratorin 

Bindttoven. Nathafland$ 



HIGH SPEED DIGITAL-TO-ANALOG convrrtcn atr usually 
designed with s current cell matrix. For irsolutincu higher than 
B bits required for new trlrriaion standards, this approach 
requires either selection, trimming or cilibrition in the case of 
binary decoding, or accurate glitch matching and gradient com- 
pensation in CMOS if thermometer decoding is used ' . 

Moreorer, many eurrent-ocU based circuits dump on average half 
of the current and often require the virtual gruund of an external 
amplifier for optimum linearity with sufficent output drive. 

This trimleas 10-hil SOMHx D/A converter it haai'd on resistor 
strings. The voltage dependence and the mutual matching of 
large-area polysibcon resistors allow the design of a converter 
with high integral and differential linearity. However, in a single 
1024-tap resistor ladder outiwt settling requires such low tap 
resistors that accurate reaislor matching and consequently lineanty 
becomes a problem- 

The solution to this problem is the comhirution of a dual 
ladder with a matrix organisation for the fine ladder, a full de- 
coding schcror. an on-chip 7ST2 output buffer and an additional 
ladder for the reduction of distortion at high signal frequriiciri^. 
Fifuie 1 shows the ladder structure: the. coarse ladrler consists 
of two ladders each with 16 targe-area 2S0H resistors connected 
anti-psnllel to ekminate the first-order resistivity grsdirnt. 

The coarse Isdder determines 16 accurate tap voltagca A 
1 024-rcsistor fine ladder is arranged in a 32-by-32 matrix, where 
every 64th tap is connected to the coarse ladder taps. There 
are currents in the connections between the ladders only in the 
case of ladder inrquablies. This reduces the effect of contact 
resistance variance. The current density in the polysUicon is 
kept constant to avoid field-deprndcnt non-linearities. In 
operation, the tap voltages of the fine ladder are switched to the 
16 output rails of the matrix. The digital input word is decoded 
by two sets of S-to-32 decoders followed by two groups of 
latches, m shown in Figure 2. At every tap an AND gate per- 
forms the Riul decoding. In each transition one switch connects 
the ladder to the output rails, while another switch disconnects. 
This scheme aiiiiimlxea ladder bounce caused by the switches, 
often observed in achemes where MSB decoding is combined with 
output rail multiplexing*. 

As the ladder of the D/A converter u designed for 2V un- 
loaded output swing, second-order distortion will occur at high 
signal frequencies, due to the input-code-dependent switch- 
drive voltage which causes sipial-dependent RC time constants 
on the output rails. In this circuit, the drive voltage ia kept 
constant by feeding the final AND decoshng gates from an 
additional ladder: (Figures 1, 2). The total Isdder configuration 
can now be fed from the SV analog power supply. One external 
capacitor decouples the signal ladders. The clock-feedthrough 
of the switches gives a linear sigial contribution. 

The multiplex circuit at the end of the 16 output rails connects 
only the active rail to the output, keeping the other rails at the 
corresponding middle tap voltage. This scheme reduces the load 
capacitance and minimixes the recharging of the matrix output 
lines. 



The output buffer is a folded-cascode op amp where the output 
load is part of the output stage. The on-chip stop resistor allows 
a feedback path even for frequencies where the bondpad rape- 
citance shorts the drcuit output. The measured open-loop gain 
of the op smp into a TSHarid 2SpF load is 43dB with a unity 
gam bandwidth (UGBW) of 75MHx. (Figure 3). 

Figures 4 and 5 show examples of performanec with 7SS1 
and 2$pF load. The lower side of the ladder is connected to give 
0.1 volt minimum output voltage. The overall dc integral 
linearity curve a shown in Figure 4. The integral bnearity was 
verified by mrasuririg the distortion of low-frequency input 
signals. The total distortion is leas than - 60dB. 

The lOVto-90% traiwlion time ■ 6na. (Figure S) The extra- 
polated settling to within one LSB is shout 20na. The issost criticsl 
glitch energy occurs for codes where the position is switched from 
the coarse ladder lap to the 32nd poaition on the corresponding 
fiiH,' ladder;in code: xxxxxOOOOO to xxxxxlllll. The difference 
in glitch area is lower than lOOpsV. 

The D/A converter has been tested on compuier-syntbeaiaed 
video pictures. Interference tests (9.6MHx input, at 27MHx dock) 
confirms the linearity spcdricstions. The effect of the addi- 
tional supply ladder has been measured at 4.433MHx signal fre- 
quency and SOMHx clock rate After the supply ladder is dis- 
eonnecled from the signal ladder and connected to the positive 
power supply, the total distortion increases by lOdB. At SOMHz 
clock rate, 12S C and a 13MHx signal frequency the distortion 
inercaaes to — 40dB due to slew-rate limitations. Full-scale transi- 
tions have been measured up to a dock frequency of lOOMHx. 
which shows the inherent speed of the ladder network. 

Table 1 summarixes the performance. Power dissipatmn 
is measured with a full ssrtewave output signaL which con- 
sequently requires half of the top output current Figure 6 
shows a micrograph of the test chip. 



'sohoetl J.A., “An Inharentlv Monotooic IX-fait DAC”. 
ISKB J. Solid Slala Ctrculta. Vol. 8C-14. p. M4-911: Dee.. 
197*. 

^MIU. T.. St al., “An 90MHz l-Wt CMOS D/A Converter”, 
/set J. golM Srarc Oeuira. Vol. SC-21, p. 9S3-9SS; Dae.. 
19SS. 

^Dinfwall. A.O.F. and Zassu. V., “An SMHz CMOS Sub- 
ringlns S-Ut A/D Converter”, IEEE J Solid-Stat* Circuitt. 
Vot 8C-S0. p. lias-1148; Dec.. 1915. 

*Abrlal. A., ct al.. “A STMHz D/A Video Ptoeataer". IEEE 
J. Solid Stttta Circuits Vol. SC-18. p. 135S-1S69; Dec.. 19SI. 
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FIGURE 2— Block dUgm of the D/A eoavertcr. 



A: T/R (dB) B: B 

A MAX 45.00 



dB 



O MKH 77 624 711.663 Hz 



GAIN 



530.029 -ndB 



»low 

FIGURE 1— Raistor network for Ike video D/A. 



'4d 





FIGURE 2— (a) folded caaeode op amp ckctilt Hand for tka 
koffer; (kl mcaMrcd open-laop pin and phaae on a TSHand 
25pFload. 




Aocear 


1.6Mm CMOS 


DC rcaokition 


10-bit 


Difftnntiml Hnnan'ty error 


<0.1 LSB 


Inttgnl Untmity tmr 


±0.6 LSB 


Cktch tntrgy 


lOOpV 


SttUng Inne (! LSB) 


20na 


Xinlfmll lime (10%-90%) 


6na 


Sample /Vepoency 


SOMHi 


Nominal power tuppfy 


5V 


Output in 7Sn 


IV 


Ppmar oontumption (SOMH*, 750/ 


85mW 


DACeke 


2.5itm|R 



TABLE 1-Suma 



FIGURE V-Ut««ral 



typloL 



nCURE 5, 6 - See pep 295 
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FAM 12J: A 60MHz 10-bK CMOS Oi|ital-t«-Ai»)og Convirtir wth ISa Biijte! 

(Continued from page 20U 







FIGURE. 5-PliotOfr«pK» Ihr fulliirak wlllini 
o< the output 



FIGtrRE 6— Micfocrspli of the 4k. 






§1 1 -3 Binary- Weighted DAC 



§11-3.1 Charge-Redistribution DA C 



1. Multiplying DAC 

* All top plates are connected to 
the OP AMP input 

^To reduce substrate noise 
voltage injection. 

* Switched-induced errors are 
large. 

* offset cancellation 



top plat* 

\i 

yr 

bottom plate 







® 




h 

r “2 i 




_L 


_L 


*'1L 


-X^ 






T 










_L*2 





2. Multiplying DAC with bipolar input 



± 



LSB 



Any 




11-11 

CHUNG- YU WU 



_L 




bi ■ 



o Vojjt 



If bo = 0 



^the signal Vin is positive 
^the same as 1. 
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If bg = 1 ^the signal Vin is negative. 

(|)i, (|)2 positions are exchanged. 

n 

Vout = -Vin ^bi2~' 

i=\ 

3. General characteristics or features of charge-redistribution DAC: 

(1) The auto-calibration cycle can be performed to remove the effects of 
component ratio errors. 

(2) Good linearity and stability due to good linear capacitors. 

(3) Too large capacitance ratio is required for high-bit DAC. 

(4) Suitable for medium-speed DAC with 6-bit resolution or below. 



§11-3.2 Weighted-Current-Source DAC (Current-Mode Binary- 
Weighted DAC) 

Conceptual circuit: 



1. Conventional structure 

* Simple circuit structure without 
decoding logic. 

* At the mid-code transition 011—1^ 
10—0, the MSB current source 
needs to be matched to the sum of 
all the other current sources to 
within 0.5 LSB. 

^ difficult for large bit number. 

^not guaranteed monotonic. 




Bit-9 Bit-8 Bit-1 Bit-0 



* Low-accuracy matching causes 
inaccurate bit transition 

^ typical DNL plot as shown 

* The errors caused by the dynamic 
behavior of the switches, such as 



maximum 




charge injection and clock feedthrough, 
result in glitches which is most severe at the 
midcode transition, as all switches are 
switching simultaneously. 

^ contains highly nonlinear signal 
components 

^ manifest itself as spurs in the frequency 
domain. 




Reference: IEEE Journal of Solid-State Circuits, vol.33, pp. 1948-1958, Dec. 1998. 





r 






Conventional Weighted-Current-Source D/A Converter 

V ) 



To Coax 
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Improved Structure 



/ N, 

The Proposed 10-bit D/A Converter 

V J 



Reference: IEEE JSSC, PP.635-639, June 1989. 

1. Using Two-Stage Architecture: 

32 master & 32 slave current sources 

(Occupied small chip area but cause tight matching requirement 
among master current sources.) 

2. Using Threshold- Voltage Compensated Current Sources 

to satisify tight matching requirement. 

Only need loeal mateh & 
do not need global mateh. 
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Y 



YB 




Ii = K (W/L)(Va-Vthi)" 



= K (W/L)(Va-VthN)' 



(VthN-Vthi) may be as large as 80 mV 
due to the oxide thinning effect. 



Conventional switched current source. 
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Y 



YB 




l2 = K-^(Va-Vth2)2 

= K^(Vri +Vth,- Vth2+^||^)2 

i-izD D ic 

2. M 2 and M^-are locally matched 




W 

L 




Switched current source with threshold- voltage compensation. 
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Error current (A) Error current (A) 



11-18 

CHUNG- YU WU 




l . 0 



20.0 



10.0 CO . 0 

M0NTC_CARL0 (LIN) 



90.0 



> 00.0 



Spice Monte-Carlo simulation results for (a) Conventional 
weighted current sources; (b) eurrent sources with 
threshold-voltage compensation. 



Driver 




To Coax 

D 

D 

To Dummy Load 




Two-Stage weighted-current- source D/A converter with threshold-voltage 
compensated current sources. 
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output Wavefofm (V) 
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(a) 




(b) 



(a) The circuit; (b) The SPICE simulated output waveforms 
of the input driver with high logic-threshold. 
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Symmetrical layout configuration of each 5-bit current array. 



Compact 



Symmetry 





Different layout arrangement for the devices M2 and Me in 
each current source: (a) 4-cell unit; (b) 5-cell unit. 






nrmr(I^D) 
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Inpu: Coc: 

Differential linearity error of the D/A converter 
Integral linearity error of the D/A converter. 



Differential and Integral linearity distribution of two 
kinds of layout methods for each current source. 
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Linearity Error 
D 1/2 LSB 
D 1 LSB 
D 2 LSB 



4-Cell Unit(%) 
28.6 
82.1 
93.9 



5-Cell Unit(%) 
21.4 
67.9 
89.3 



Characteristics of the D/A converter. 



Resolution 


10 bits 


Differential Nonlinearity 


0.21 FSB 


Integral Nonlinearity 


0.23 FSB 


Conversion rate 


125 MS/s 


Settling Time (+1/2 LSB) 


n 8 ns 


Rise/Fall time (10-90%) 


3 ns 


Glitch Energy 


40 psV 


Power Dissipation 


150 mWatts 


Supply Voltage 


5V 


Process 


0.8um CMOS 


Chip Size (without pads) 


L8mmxl.0mm 



SUMMARY 

1. Using threshold-voltage compensated current sources. 

2. Two-step weighted current array 32 master, 32 slave unit current 
sources. 

3. 10 bits, 125MHz, INLD ± 0.21 LSB, DNLQ ± 0.23 LSB, 
150mW. 

4. Few analog components & good performance. 
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§11-4 Thermometer-Code DAC 



Current- mode thermometer-coded DAC; Current-cell-matrix DAC 



1. Thermometer code (3 bit) 
b2 hi bo dg 


ds 


d4 


ds 


d2 


di 


do 


0 


0 


0 




0 


0 


0 


0 


0 


0 


0 


0 


0 


1 




0 


0 


0 


0 


0 


0 


1 


0 


1 


0 




0 


0 


0 


0 


0 


1 


1 



1 


1 


0 ^ 


0 


1 


1 


1 


1 


1 


1 


1 


1 


1 ^ 


1 


1 


1 


1 


1 


1 


1 



2. Conceptual circuit of thermometer-coded DAC 





+50% . 
Tolerance 
-50% • 




one step 




4LSB 



1 SWITCH 4 SWITCHES 



Advantages: 

(1) Monotonicity is guaranteed. 

(2) The matching requirement is much relaxed, 
e.g. 50% matching^ DNLO 0.5 LSB 

(3) At the midcode transition the glitch is greatly reduced. 

only 1 LSB current source is switched. 
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(4) Glitches do not contribute much to nonlinearity. 

Glitches °c switched LSB 

^ Glitch/LSB = constant 
^ Good linearity. 

Disadvantage: Area consuming 

Every LSB needs a current source, a switch, a decoding circuit, 
and the binary to thermometer decoder. 

3. 8-bit current-mode thermometer-coded DAC 




* The two LSB bits DO and D1 are fed to two parallel three-stage pipelined 
latches directly. 

* The six MSB bits are fed to the decoders. (D2, , D7) 




Segmented decoding structure of the DAC 
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D5 



D7 



D6 



D2 D4 D3 




Decoding scheme: 



Column 


Row 


D4 D3 D2 


D7 D6 D5 


D4-TD3-KD2 = Cl 


D7-TD6-KD5 = R1 


D4-TD3 = C2 


D7+D6 = R2 


D4-rD4D3-KD3D2-rD4D2 = C3 


D7-TD7D6-KD7D5-KD6D5 = R3 


D4 = C4 


D7 = R4 


D4D3-KD4D2 = C5 


D7D6-KD7D5 = R5 


D4D3 = C5 


D7D6 = R6 


D4D3D2 = C7 


D7D6D5 = R7 



Decoding of current-source matrix: 



R1 


Rl-i-Cl 


R1-I-C2 


R1-I-C3 


R1-I-C4 


R1-I-C5 


R1-I-C6 


R1-I-C7 


R2 


R2-I-R1C1 


R2-I-R1C2 


R2-I-R1C3 


R2-I-R1C4 


R2-I-R1C5 


R2-I-R1C6 


R2-I-R1C7 


R3 


R3-I-R2C1 


R3-I-R2C2 


R3-I-R2C3 


R3-I-R2C4 


R3-I-R2C5 


R3-I-R2C6 


R3-I-R2C7 


R4 


R4-I-R3C1 


R4-I-R3C2 


R4-I-R3C3 


R4-I-R3C4 


R4-I-R3C5 


R4-I-R3C6 


R4-I-R3C7 


R5 


R5-I-R4C1 


R5-I-R4C2 


R5-I-R4C4 


R5-I-R4C4 


R5-I-R4C5 


R5-I-R4C6 


R5-I-R4C7 


R6 


R6-I-R5C1 


R6-I-R5C2 


R6-I-R5C4 


R6-I-R5C4 


R6-I-R5C5 


R6-I-R5C6 


R6-I-R5C7 


R7 


R7-I-R6C1 


R7-I-R6C2 


R7-I-R6C4 


R7-I-R6C4 


R7-I-R6C5 


R7-I-R6C6 


R7-I-R6C7 




R7C1 


R7C2 


R7C3 


R7C4 


R7C5 


R7C6 


R7C7 
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• Logic diagram of the segmented row decoder 

* Clocked CMOS gates 

* Pipelined structure with two stages. 




First stage Second stage 

• Logic diagram of the segmented column decoder is similar to that of the row 
decoder. 

• Current cell circuit 




Third stage 



* The third stage of the pipelined circuit. 
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Symmetrical switching sequence to reduce the gradient effect. 



Switching order 



13 5 7 

Switching order | | | | 

I Cl C3 C5 C7 C6 C4 C2 



— R1 
, — R3 



6 4 2 ◄ — Switching order 



R5 

R6 — 6 
R4 — 4 
R2 — 2 
R7 — 7 



Switching order 



• Current source and current switch 



Vdd 




Vref 




Vp 



2 LSB current source 



Vdd 



Vcomp 



Vref — 9 









^ Vp 



4 LSB current source 
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• General characteristics/features of current-mode thermometer-coded DAC: 

(1) No resistor or capacitor are used. 

(2) Require special layout arrangement and complicated switching sequence to 
reduce the mismatches among current cells in the matrix ^ complicated 
decoder 

(3) Logic circuits and long delay. 

(4) Complicated wiring 

(5) Large chip area ^ worse matching problem. 

(6) Suitable for high-speed (video) and high-resolution (10-bit) CMOS DAC. 

Current switching and better matching than resistors. 
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§ 11-5 Hybrid DAC 



Combined architecture: Resistor-string + charge-redistribution DAC 

Weighted-current- source -i- current-mode thermometer- 
coded DAC 

§ 11-6 Case study 



Ref.: IEEE JSSC, vol.33, PP. 1948-1958, Dec. 1998 
10-bit 500-MS/s CMOS DAC: 



• Chip area comparison between weighted-current- source DAC and thermometer- 
coded DAC 



TABLE I 



Area Requirement for Binary-Weighted AND Thermometer-Coded DAC 



Requirement 


Binary Weighted 


Thermometer Coded 


INL (10-bit) 


(0.5^1024)0 = 16a 


16a 


DNL (10-bit) 


Vl 024a = 32a 


a 


Area (1NL=0.5-Isb) 


256*A,„,t 


256*A„„,t 


Area (1NL=1-Isb) 


64*A,.,, 




Area (DNL=0.5-lsb) 


1024*A„„, 


A 

■^unit 



a : standard deviation of current sources. 

Aunit: minimum required area to obtain a DNL = 0.5 LSB for the 
thermometer-coded architecture. 



Chip area oc J— 

• Normalized required chip versus 
percentage of segmentation and 
THD versus percentage of 
segmentation 

=> Optimal point 

-^digital = Ajnl =1.0 Isb 
THDf 






(T9 

O 



3 

cr 

(U 

cc 

*o 

o 

15 

E 
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• Block diagram: 8-1-2 segmentation 




• Cell circuit 

Digital: decoding logic + latch 
Analog: differential switch + 

cascoded current source. 



Biasing scheme 

Global biasing: common-centroid 
layout 

Local biasing: 4 quadrants 




without direct connection between any two quadrants 
^DNL i andINL i 



Global ^ [DIHIIIQ] 

Biasing □mmEi 

□□□□□mm 

□□□□□me 

□□□□□me 

Local odinnoQOEi 

Biasing □mmmmmm 

□mmmmn 

□□□□□□□□ 

□□□□□□ □□ 
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• Sinewave spectrum for Fs=300MS/s and Fsig=100MHz . SFDR=60dB 



Wangcs — JOclBm — — 

Ken UW ; V lOC VRw : QfT Swp Timet ^05 . G m«5c»c 




Sta'^t; 1 0O GOO Mr Gtop: 1 GO COC OOO Hr 

aveRQBXt^S QvO:PO KMT RTF RNC 

• SFDR versus Fsig/Fs 

SFDR Fs(MS/s) Fsig(MHz) 

73dB 100 8 

60dB 300 100 

51dB 500 240 




> Fg = 50 MSPS 

Fg = 100 MSPS 

Fg = 200 MSPS 
Fg = 300 MSPS 
♦> Fg = 400 MSPS 

♦. Fg = 500 MSPS 



0.4 



0.5 





Summary 
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Tcdmoh)gy 


0.35pui (1P4M) pure digital CMOS 


Area 


0.6mm“ 


Sampling Frequency 


5(X) MSaraplc/s 


Ouput Swing (into 75i2 load) 


2Vpp (differential) 


Power Disspation (at 5tX) MSumplc/s) 


18mA (analog) 


20m.A (digital) 


from 3.3V supply 


DNL 


0.1 USB 


INL 


0.2 USB 



2. Definition of SFDR (Spurious-Free Dynamic Range) 

SFDR: The signal-to-noise ratio when the power of the third-order 
intermodulation products equals the noise power. 

SFDR = Ij,; - = Ij,; - No (dB) 

Iqi curve has a slope=l 



^ SFDR= 



A 



Id3=N0 




Idi=No 
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§ 11-7 Summary 
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CH 12 CMOS Analog Comparators 

§12-1 General Considerations 

Purpose of Comparators: To compare two input voltages and produce a very 

large output voltage with an appropriate sign to 
indicate which of the two is large. 

Types of MOS Comparators: 

A. Differential-input OP AMP 




The latch provides a large and fast output signal, whose amplitude 
and waveform are independent of those of the input signal. Well 
suited for the logic circuits usually following the latch. 

If no latch: -ImV -i-lmV input =Q -5V^ -i-5V output 

GainD 5000, 74 dB 



If use latch: The output voltage of A must be larger than the 
combined offset and threshold voltage of the latch, 
which is about 0.2V 
D D Gain = 200 

(1) Static configurations 

(2) Dynamic configurations 



B. Cascaded inverter stages 





Mostly dynamic 



or 



Vout 
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§12-2 Differential-Input OP AMP Comparators 
§12-2.1 Static Configurations without Latches 
1 . 



+VDD 




* High Speed Comparator 

* Open loop gain: ~80dB 

* Output Swing: +5V 

* Propagation Delay (+10mV Vin ): ~l.2ps~2.4ps (15PF Load) 

* Generally, compensation circuit is not needed since there is no feedback 
connection. 

* Power Dissipation: ~10 mW 

2. General-purpose comparators 

* Propagation delay: (+10mV, 15PF) 1.0ps~2.8ps 



* Power Dissipation: 



4mW 



III 1£T 
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+VDD 




3. Comparator with level shift. 




-VSS 



* Open loop gain: 60-80dB 

* Output Swing: -i-5V^ OV 

* Propagation delay (+10mV, 15 PF): l.Ops-O.Sps 



Til 1£T 






* Power Dissipation: ~1.5mW 
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4. CMOS Voltage Comparator MC 14574 (Motorola) 
V+ 




* Quad comparators 

* Open loop gain (IsetD IqD 50pA): 96dB 

* Propagation delay: ~lps 

5. Fully differential OP-AMP Comparators. 



§ 12 - 2.2 Dynamic Configurations without Latches. 

(1) Dynamic OP-AMP 
type comparator 

* Compensated by C 2 

* Vcl=Vin-Vos 

* offset memorization 



*AVcin Vref-Vin 
* No compensation 



* 



offset cancellation 




i|i 1 , i|i 2 :nonoverlapping 
clocks 
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+VDD 




* Practically, (|),a must go low first in advance of (])i to avoid the clock 
feedthrough effect of Sj by (|)i. 

(2) Dynamic fully differential comparator 



Vin+ 



+VDD 



Vin- 




K 



I- 



Ci, C 2 : Autozeroing capacitors 

1 V,iD Vin- - Vs, Vc 2 D Vin" - Vs 

(^20 1 A V,iD Vin+ - Vin-, A Vc 2 D Vin' - Vin+ 

* Si and S 2 generate feedthrough voltages at ©and® 
n D common-mode voltage 

* CMRR can be promoted by using negative common-mode feedback circuit. 
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§12-2.3 Dynamic Configuration with Latches 

Preamplifier-latch combination 

+VDD 




Vout 



*(|)2^ 1, Sg short n D Qn Q2’ Q35Q4and Q7 are differential amplifier. 

(|)2 ^ 1, Sg short n D Q45 Qs^ Qe Q7 are a bistable latch. 

Operating clock waveforms: 



rx 






♦2 • *2 



r 



'll 



ox 



m. 
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§12-3 Cascaded Inverter Stages 

(1) Basic Structure 



Va 



Vdd 



oV 



S3 



Vb 



Qi 



-Vss* 



(a) 




+VDD 




-Vss 




(a) 



(b) 



(]) 2 ^ 0 , C^D DC, D D negligible feedthrough 
Va‘D Vin -r V/ 

A VaD Vin 

(2) CMOS Cascade Comparator. 

* Qi-Qs’ Q2-Q4 
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* The speed of the cascaded inverter stages is limited by the RC times 
constants. 

R=Ro=rdsp||rdsn -lOOk^l 

QnD Cg,-rCg,(l-r|A|) -0.5 pF 

A - 10 



Vdd 




(a) 





\ 



t 



n 






/ \ 



t 



(b) 



Vout 

D 
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(3) Fast comparators with two amplifiers and a single latch. 

* Usually, the speed of a latch is faster than that of a amplifier, 
n D Two amplifiers share one latch. 



Vdd 




Operating clock waveforms 



' AtnpWy AinplHy / *«"pWy AmpWl«r# 1 



M \ I u : 



A I \ I \ 



innnnnnnnnnr . 



Amplifier# 1 



Amplifier#2 



Latch clock 
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§12-4 CMOS Dynamic Latches for Comparators 

1. Direct-coupled latch with differential input signals 



Vdd 




* For single-ended inputs, Vin^ or Vin' may be replaced by a threshold voltage or 
can be generated by self-biasing 

2. Capacitively coupled latch with autozeroing input 



Vdd 
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* (j)2^ 1 D D inverters Q2-Q5 and Q3-Q6 are biased at their optimal points 

C3 and C4 are also precharged such that any asymmetry between 
the two inverters is compensated by the slightly different bias 
voltages provided by C3 and C4. 
n D loop gain of the latchO 1. 

* Vin-r D Vin- : Vc H, L. 

Vin- D Vin+ : Vc L, H. 
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§12-5 Case Studies 

1. Differential-Input OP AMP Comparators with Dynamic Latches 
Ref. IEEE JSSC, vol. 27, pp. 208-211, Eeb. 1992 



input stage flip-flops S-R latch 




tl~t2 : Mi 2 0N(4»2D1) 

Mio-Mii ON, Mg-M^ OFF 0) 

VaD Vb, Vc=Va, Q=Q 
Vinpi and Vinp2 settles 

t2~t3: Va Vb established with some regeneration of M4/M5, Mj2 OFF 
t3-t4: 1, c^ 2D 0 D D M12OFF, Mio, M„ OFF, H, M, ON 

strong regeneration Q Q Va, Va=Vc, Vb=Vd D D Q^Q 
established 



for input sampling 




ti t2 ts t4 t 






12-13 

CHUNG- YU WU 


Performance: 


Technology 


1.5 urn CMOS 


Die size 


140 X 100 um^ 


Power supply 


-r2.5 / -2.5 V 


Input dynamic range 


2.5 V 


Resolution 


Shits, ILSB=9.8mV 


Sensitivity 


10.6 mV ( < 7 bits) 


Sampling rate 


65MHz 


Offset voltage 


3.3 mV 


Input capacitance 


30 fF 
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CH 13 CMOS Analog to Digital Converters (ADCs) 

§13-1 Introduction 

1. Functional block diagram of a A/D converter 




Digital 

Output 



Ideal A/D Converter (ADC) 

Vin±V,=V,,f(bi2-i+b22-2+....+bN2-N) 



_Vref 



2N 



(bi2N-i+b22N-2+....+bj^_^2i+bN20) 



where is the input analog voltage or current 
Vj,gf is the reference voltage or current 

bj bj^ is the digital output 

is the tolerable input signal range 



1 



1 



^Vlsb<Vx<^V, 



LSB 



2-bit ADC: 

Input- output transfer curve: 
Offset by i V lsb (^LSB) 

^LSB ^ 1 LSB 



V, 



1 



yf^=t^ 1LSB 
Vref 4 

The input voltage or current 
should remain less than 3/4 V,gf -i- 
1/8 V,gf =7/8 Vj,gf and greater than 
0- l/8V,,f = -l/8V,,f. 



Bout 

1 1 
1 0-^ 
0 1 
00 



equivalent DAC transfer response 



1/4 



Voi 

Vref 



! 

Vio 

Vref 



1/2 



Vij 

Vref 



! 

Vii 

Vref 



3/4 



Vin 
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Overloaded ADC: When Vin>Vi„|ideai +V^ or Vin<Vi„|ide^ -V^ , the 
quantization error is greater than 1/2 Vlsb- 

3. Quantization noise 

Quantization error ^ Quantization noise. 




Quantization noise modeling: 
(1) Deterministic approach 
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4. Signal-to-Noise Ratio (SNR) 

(1) is a sawtooth of hight V,gf (or a random signal uniformly distribut between 
0 and V,,f) 

=>SNR=201og =201og ^ =201og2N =6.02N dB 

l^^Q(rms) j I^VlSb/‘v 12 j 

(2) Vjj, is a sinusoidal waveform between 0 and Vj,gf . 

^SNR=201og y/^^’'"''^ =201og ^^^^^^^ = 201ogf ^x2^ 1=6.02N+1.76dB 

^Q(rms) y 

The above SNR is the best possible SNR for an N-bit ADC 
Vinpp=Vref (OdB) ^ SNR=6.02N+1.76dB 
Vi„pp ^ -20dB ^ SNR = (6.02N+1.76)dB-20dB 

5. Performance specifications 

(1) Missing codes (equivalent to monotonicity in DAC) 

Maximum DNL < 0.5 LSB or maximum INL < 0.5 LSB 
=> The ADC is guaranted not to have any missing code. 

(2) Conversion time 

The time taken for the ADC to complete a single measurement including 
acquisition time of the input signal. 

(3) Sampling rate 

The speed at which samples can be continuously converted. Typically, 
the sampling rate is equal to the inverse of the conversion time except in 
the case of pipelining structure or multiplexing structure. 

(4) Sampling-time uncertainty or aperture jitter 

Due to the effective sampling time changing from one sampling instance 
to the next. 

Sinusoidal waveform case: 

Vi„=^sin(2jifi„t) 
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dt 



in max 



=71 f;„t 



in ' 



zero-crossing point 



If AV < 1 Vl 3 b for some sampling-time uncertainty At , 

^LSB 1 



examples: 8-bit ADC, 250 MHz 
16-bit ADC, 1 MHz 

(5) Dynamic range 

Dynamic range = 



f: 



in 



f: 



in 



>At<5ps 

>At<5ps 



rms value of the maximum input (output) sinusoidal signal 

rms value of the output noise plus the distortion when the same sinusoidal 
is present at the output 

It is also called the signal-to-noise-and-distortion ratio (SNDR). 

* Can be expressed as effective number of bits using the SNR formula on 
p. 13-3. 

* Input frequency dependent. 

6. Types of ADCs 

Low-to-medium speed: (1) Dual-slope or Integrating ADC 

(2) Oversampling ADC 

(3) Successive approximation ADC 

(4) Algorithmic ADC 



High speed: (1) Flash ADC 

(2) Two-step ADC 

(3) Pipelined ADC 

(4) Interpolating ADC 

(5) Folding ADC 

(6) Time-interleaved ADC 




13-5 

CHUNG- YU WU 



§13-2 Successive-Approximation (SA) ADC's 
§13-2.1 Resistor-string SA MOS ADC 

Ref. : IEEE J. Solid-State Circuits, vol. Sc-13, pp. 785-791, Dec. 1978. 
Conceptual 3-bit unipolar ADC 



Vref 




Typical performance of a 8-bit ADC: 



p-type resistor 


Resolution 


8 bit 


100^1/ □ . 


Nonlinearity 


±1lsb 




DNL 


±Xlsb 




Conversion time 


20 ps 




Input resistance 


>1000 MQ. 




Stability (0° - 85°C) 


<1/4 LSB 



Error Sources: 

1. Resistor matching accuracy. 

* Dividing the string into several equal lengths and locating them in close 
proximity. 
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2. The reverse bias junction voltage of the diffused resistors causes nonlinearity. 

Bit capacity T => ^1/ Q i . 

3. The small on resistance of the switches can decrease the settling time and 
reduce the feedthrough effect from the gate voltages. Similary, the switch 
feedthrough only effects the settling time. 

4. Major error source: The feedthrough in the switch transistor Q 2 . 

1 MHz clock 2 mV error. 

5. Comparator offset error. 

§13-2.2 Charge-Balancing SA MOS ADC 

Ref. : IEEE J. Solid-State Circuits, pp. 912-920, Dec. 1979. 

* Mixed resistor string and binary- weighed cap. 




1 


8 -bit ADC 


II 

C=20pF 


1 


Linearity 


1/4LSB 


Supply Voltage 


4.5- 6.3 V 


Conversion Time 


100 ps 


Current Drain 


1.8mA 


640 KHz clock 




Vref Range 


0-5 V 


Analog Input 




Clock Freq. Range 


100 - 800 KHz 


Components used: 


8R's, 4C's, 32 switches. 
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13-bit ADC with laser-cut programmable Si-Cr fuse PROM's. 
Post-process triming 0 Q Linearity 

Conversion Time 
Analog input 
Clock freq. range 
Supply voltage 
Current drain 



1/2 LSB 
50 ps 

n Vss ~ n Vcc 
0.1 ~ 3MHz 
±4.5~±6.3V 
5mA 



§13-2.3 Charge -Redistribution SA MOS ADC (CRSA ADC) 

1. 10-bit CRSA ADC 

Ref: lEEEJSSC, vol. SC-10, pp. 371-379, 379-385, Dec. 1975. 

Operation Procedures 
(a) Sample Mode: 




Q, - -2CV, 




(c) Redistribution (Approximation) Mode: 
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Si ^ Vx = -Vin -r /2 

If Vx < 0, logic 1 in MSB(b 4 ), 
If Vx > 0, b4(MSB)=0, 

Final Configuration: 



Vin > /2 

Vin < Vj.gf /2 and Sj 



ground 



J Jt 


r i 


S' 


r j 




J. c . 
2 ■ 


4 


= £ = 
8 


16 


c . 
16' 


3 



Q* ■ - 2 CV,„ 

v«»o 



C T — 4 = -^ 4 = 



vc: 



r I ; T U| ; [ t I t f 



Vref 



COMPARATOR 




Vx = - Vin+ (+^+-^+%-^+-^) -0 



2 ^ 2 



2 ^ 



Vx = -Vin+^ 
2 ^ 



(24b4+23b3+22b2+2ibi+20bo),Vin>0 



Complete ADC block diagram: 
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Complete ADC block diagram; 



VR£F 



Vin 




Control and Sequencing 



i I 

T ▼ ' ' 



T 



Clock 



Data Out 



Measured Results: 



Resolution 


10 bits 


Gain error 


D 0.05% 


Linearity 


±|lsb 


Sample mode 
acquisition time 


2.3|0.s 


Input Voltage 


O-IO V 


Total conversion 
time 


22.8 qs 


Input offset 


2mV 
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Implement: 

16 R, 8 ratioed capacitor, 37 MOS 



R: S/D diffusion, 


00 

□ 

II 


: 9000 Q 




C: Unit capacitor. 


400 pm^ 0.1 pF 




Measured data: 








Resolution 


12 Bits 


Area 


12,000 : 


Monotonicity 


12 Bits 


Power dissipation (15V) 


40 mW 


Integral Linearity 


6 Bits 


DNL 


Ilsb 

2 


Input. Offset 


5 mV 


Total conversion time 


50ps 



Operational Principle: 






Sa s. 


Si 


S2 


S3 


S4 


S5 


Slk 


• • • Sl2 


Su 


Sx 


V. 


Sample 




ON 


OFF 


OFF 


OFF 


OFF 


B 


... B 


B 


ON 


0 


Hold 


1 


ON 


ON 


OFF 


OFF 


OFF 


B 


... B 


B 


OFF 


-Y„ 




(0) 






















Choose V,gf 


2 

(Ye/4) 


OFF 


ON 


ON 


OFF 


OFF 


B 


... B 


B 


OFF 






1 

(Ye/2) 


OFF 


OFF 


ON 


ON 


OFF 


B 


... B 


B 


OFF 


-V. 

m 4 




2 

(3Ye/4) 


OFF 


OFF 


OFF 


ON 


OFF 


B 


... B 


B 


OFF 


y 

m 4 




Discharge 


1 

(0) 


ON 


OFF 


OFF 


OFF 


OFF 


B 


... B 


B 


OFF 


-Y„ 
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Set up 


1 


2 


OFF 


OFF 


OFF ON ON B ... B 


B 


OFF 


-V- 


(Ye^ 


(3Ye/4) 












Redistribution 


1 


2 


OFF 


OFF 


-V,„-r(3/4)V„f<V,<-V,„-rV,,f 
OFF ON ON A ... B 


B 


OFF 


-V- 





















* The last capacitor C is always connected to B. 





Waveforms observed at the node : 
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NOTE: ENCLOSED AREA GREATLY EXPENDED IN TIME AND AMPLITUDE 



Operational principles: 
1. INTI 



REF HI REF LO 




. Comparator 2 





2. DEI 
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REF HI REF LO 




3. REST (INT2) 

REF HI REF LO 




A VD Residual Voltage 



4. xlO (INT2) 

R|nt 10 a V 
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5. DE2 (The same as DEI), AV : residual voltage 

6. INT(ZI) 



^INT ^INT 




The final residual voltage AV is effectively reduced to ^ of the original 

residual voltage without amplification. 

=> accuracy T 



§13-4 Algorithmic ADC 
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Refs: 1. lEEEISSCC, Digest of Papers, pp. 96-97, 1977 
* 2. lEEEJSSC, vol 31, no. 8, pp. 1201-1207, Aug. 1996 



+ Vref 
- Vref 

The conceptual block diagram of the algorithmic A/D converter 

* The speed is limited by the settling time of OP AMPs used to implement 
the multiplier. 

* For audio ADC applications, it could reach low-power low-voltage 
operation. 

* Major error sources: (1) Capacitor ratio mismatches if SC circuits are used. 

(2) Finite-gain error of OP amps. 

(3) Offset voltage of OP amps. 

(4) Capacitor feedthrough error by switches if SC 
circuits are used. 
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Complete circuit of the ratio-independent and gain-insensitive algorithmic 
ADCs 



1+2 




The complete circuit of the A/D converter 



Clock waveforms: 




8 








^ " (A+2)2 (A+3)2 
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Step 4: 




Vy(4) 



^C5 

~C6 



(Vx(3)-Vref)(l+3/A) 



Step 5: 




C5 C6 

HI- Hl- 



Vy(5)=^(Vx(3)-Vrcf)[l+6/(A2+5A)] 
Step 6: 





The folded-cascode fully- differential operational amplifier. 



13-22 

CHUNG- YU WU 




Chip photograph of the A/D converter. 







DNL (LSB) 



A typical plot of the differential nonlinearity. 
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A typical plot of the integral nonlinearity. 




A typical FFT plot of the A/D converter. 
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100 1 1 1 1 1 1 r 1 1 1 r 

80 • • 

60- - ■■■• • 

S 40- - - - 

20 - . 




j I I I I I 1 1 1 1. 



100 200 300 400 SOO 600 700 800 900 1000 

FFT BINS 

Table I The Experimental results of the proposed A/D converter. 



Resolution 


14 bits 


Differential nonlinearity 


D ± 1/2 LSB 


Integral nonlinearity 


D ± ILSB 


Sampling frequency 


10 KHz 


Gain of op amp 


60 dB 


Power dissipation 


50 mWatts 


Supply voltage 


± 2.5 V 


Process 


0.8 pm CMOS 


Chip active area 


2.1mm X 0.8mm 
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Table II Comparison of the proposed A/D converter with the 
previous ratio-independent A/D converters [4.4]-[4.5]. 



^\„A/D converters 
Performance 


[4.4] 


[4.5] 


This work 


Resolution 

(bits) 


12 


8 


14 


Absolute 
INL (LSB) 


<= 1.5 


o 

II 

V 


<= 1 


OP amp dc 
Gain (dB) 


92 


84 


60 


Clock cycles 
for n bits 


6n 


3n 


7n 


Sampling rate 
(KHz) 


8 


8 


10 


Power dissipation 
(mW) 


17 


- 


50 
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§13-5 Full Flash (Parallel) 

* Need 2^1 comparators for N bits. 

* Need 2^1 Resister (R) tapes for N bits. 

* S/H usually combined with comparators. (No op amp is required) 
? Large no. of analog elements. 

? Large chip area Q power consumption. 
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§13-5.1 MOS Flash ADC's 

Ref.: IEEE JSSC, vol. sc-14, pp. 926-932, Dec. 1979. 

CMOS/SOS 6 bit 20 MHz ADC. 




COMPARATORS LOGIC BINARY 



OUTPUT 



6-BIT 

BINARY 

OUTPUT 



Block diagram of A/D converter chip. 




High speed autozeroed CMOS/SOS comparator. 






FRACTION OF VREF VOLTAGE 
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VREF INPUT 




r 

“(c) 



Discrete and distributed reference ladder models 
^comp — 0-05 pF, Rjap = 20^1 




Reference ladder leading as a function 
of input voltage 
(|Z|(W) /RTAP = 500) 



Effect of loading ratio on reference 
ladder output. 
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Major source of error is the loading of the reference resistor ladder by the 
comparator bank. 

Resistor ladder loading errors are of two types: 

(1) "Transient error" associated with instantaneous ladder loading during a 
single measurement; 

(2) Long-term "recovery error" associated with errors at a new input level 
after the ladder has been loaded for a long period by inputs at another 
level. 

If the capacitor bypassing is performed at the externally accessable ladder 
midpoint tap, 

=> transient impedance si by a factor of more than 4. 

=> Worst-case static loading which can't be bypassed makes recovery errors 
the significant error source. 

* All the errors considered above are of this type. 

Typical 6-bit A/D converter Performance: 

Power dissipation at 15 MHz clock, 20 pF/output. 





5V 


8V 


convert mode 


50mW 


145mW 


Tracking mode 


45mW 


130mW 


3.2V reference 


9mW 


9mW 


Input Cap. 


8pF 


8pF 


Recom. Vj.gf 


3.2V 


6.4V 


On-chip Zener Reference 


3.2V 


6.4V 


Input voltage source resistance 


750 


750 


Accuracy 15MHz 


-LSB 

2 


-LSB 

2 


20MHz 


— 


1 LSB 


25MHz 





1.5 LSB 




§13-5.2 7-Bit CMOS Flash ADC for Video Applications 
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Ref.: IEEE J. Solid-State Circuits, vol. sc-21, pp. 436-440, June, 1986 
Overall schematic: 



D-Type 

Output 




R: Polysilicon resistor, 10 O / bit 
2|0.m Poly-gate VLSI CMOS 
Overall ship area: 135x142 miC 

















Comparator and the primary latch 
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Gain: 18dB Qio, Q13: Operated in linear region 

Bandwidth: 40 MHz with on-chip low-power 

OP AMP and reference 
loop. 

=> Rost, fuT. 

Qg,Qg: Positive feedback to Qu, Q12: To limit the output swing 

form latch. and enable the 

comparator to recover 
much faster from the 
latched state. 

The secondary latch is of the hysteresis type, because 

(1) it can convert the limited logic swing of the primary latch to correct 
CMOS logic levels. 

(2) it can reduce the amount of hysteresis to ~ lOOmV by setting "Latch" 
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signal to High. Thus the latch always experiences an overdrive of 100 
mV. 

=> Avoid ambiguous state and increase the resolution time of the 
comparators. 

=> Reduce metastability error probability 

Performance characteristics: 

7-bit inherently monotonic 
Accuracy: differential and integral 

Analog bandwidth 

Maximum sample rate 

^DD 

Input range 

Power consumption (25MSPS) 

Temp, range 



± 0.5 LSB. 

: -3dB 42 MHz; --LSB 5 MHz 

2 

: > 22 MSPS, 30 MSPS typically 
: 5V ± 0.5V 
: 1.5V-3.5V 
: 350 mW 
:-40°Cto-r85°C 



§13-5.3 CMOS 20 MS/S (Maga Samples /sec) 7 -bit Flash ADC 



Ref.: ISSCC 84, PP. 56-57, 315. 
Nonsampling amplifier: 




Higher operating, frequency 
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§13-5.4 Metastability error 

Ref.: IEEE JSSC, vol. 31, pp. 1132-1140, Aug. 1996, 7-b 80-MHz flash ADC 



Metastability error: occurs in ADCs when undefined comparator outputs pass 

through the encoder to the converter output bits. 



Va<Vref.i 0 



T 

I 



0 

0 \+^ 
i 

1 



^A^^REF ^ 



T 



Thermometer code with 
valid comparator outputs 



0 
0 

i-Fl 0 

i X 

i-i 1 ""T 



^ '^REFi+l 



1 






Metastable 

state 



1 V^>Vrefm 



T 



Thermometer code with 
metastable comparator 



Metastability error rate is an 


10-^ r 


exponential function of the 




sampling frequency. 


O 

a 


It is nearly independent of 


i 10-" - 
•2. 


the input frequency. 


to 

cc 


At 70-MHz sampling 
frequeny, the metastability 


w 

§ 

^ 10"® r 


error rate is ~ 10'^ 


60 


errors/cycle. 


Fig. 2. Measured 




65 70 

Sampling Frequency (MHz) 



flash converter v^ilh no error correction. 



=>7 errors per second 
* Can be improved to < 10'^^ errors/cycle. 





§13-6 Two-Step Flash or Subranging ADC 
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Conventional two-step A/D converter: 




DIGITAL 

OUTPUT 



Two-Step A/D converter with single resister ladder: 






















Two-Step Flash ADCs or Subranging ADCs with: 
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(1) Two Resistor (R) Ladders 

* Need 2(2^^^- 1) comparators & R tapes. 

* Need high-performance op amp. 

n Nonlinearity caused by the mismatch of the two resister ladder, 
n High-performance op amp is not easy to be achieved (especially for 3 V 
Vdd). 

(2) Single Resistor Ladder 

* Need 2^1 R tapes. 

* Need 2(2^^^-l) comparators. 

n As many R tapes as full flash type. 

n No op amp is required. 




§13-6.1 Subranging (Two-Step Flash) ADCs 
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8-bit 50MHz CMOS Subranging ADC with Pipelined Wide-Band S/H 
Ref.: IEEE JSSC, pp. 1485-1491, Dec. 1989. 



Conventional subranging A/D converter: 



Subtracter 



Analog 

Input 




Digital 

Output 



Trade-offs in Subranging and Flash 8-bit ADC 



Total comparators 
Clock cycles/conversion 
Relative speed 
Relative input loading 
Relative power dissipation 
Relative die size 
Typ. Differential Linearity Error 
Typ. Integral Linearity Error 



Flash 


Subranging 


256 


31 


1 


2 


1 


0.5 


1 


0.12 


1 


0.2 


1 


0.4 


0.4 LSB 


0.3 LSB 


0.7 LSB 


0.5 LSB 



* High accuracy is required only for the S/H circuit and the D/A subconverter. 
(S/H is to reduce the effect of signal delay differences in the large-area 
chip.) 

* Very difficult to develop a high-speed (video) and high-accuracy MOS S/H 
circuit. 
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* The conversion rate degrades. (Pipelined structure may be used) 

* The linearity of the complete converter depends on the accuracy of the gain 
matching among the first A/D, the D/A, and the second A/D subconverters. 

New structure: (4-bit conceptual structure) 




vco 

Retaraoc* Ladder 



(b) 

Subranging A/D converter using combined DAC/subtraction 
technique: (a) block diagram and (b) subranging process 

* Combined DAC/subtraction Technique 

* No current flows through the switches => No degradation in linearity in 
DAC 

* Amplifiors's settling time < 2 ns 









8bit actual ADC: 
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Analog 

Input 



<p ^ 




8-b Digital Output 



Block diagram of 8-bit subranging A/D converter 



* The ADC has a fifth bit reserved for digital correction of nonlinearity 
caused by both offset voltages of the second S/H circuit and the subtractor 
and nonlinear errors in the first A/D subconverter. 

* The two S/H circuits and two A/D subconverters operate in a pipelined 
manner => High conversion rate (> 2). 

* The resistor string has more than 10-bit accuracy. 



Gain Matching 




Linearity degration caused by gain mismatches in pipelined S/H 
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Conventional MOS S/H: 

SF: 

* The switch opening time is influenced by input voltages => severe 
distortion. 

* Poor linearity. 

Integrator- type S/H: 

* The same switch closing time. 

* Close loop configuration enhances the linearity. 

* Difficult to obtain a fast-settling speed that ensures 8-bit accuracy. 

Imposed by the relatively high output resistance of the amplifier and the clock 
feedthrough error of the MOS switch. 




Conventional MOS S/H: (a) source follower type S/H, 
(b) waveform of clock (|) and switch opening time 
deviation for source follower S/H, and (c) integrator- 
type S/H 

New S/H: 



* Bandwidth-enhanced integrator-type S/H 
circuit. 

* CMOS transmission gate with dummy 
transistor (clock feedthrough nL) 

* Compensation 

Cc=|^Ch( 1+^+^) pole-zero 

IV j iv 2 iv p 

cancellation. => Bandwidth?. 



Rf 




Bandwith-enhanced integrator-type S/H 



* Ch= 1 pF, Cc=1.2 pF, Rp = Ri = IKO, Rgw = lOOO ^ 8-bit, 50 MHz. 
^settling = 12 ns ~ 8.5 ns for 2 V step. 





13-40 

CHUNG- YU WU 



Input 1-st S/H 2-nd S/H Subtracter 

Buffer Amp. 




Block diagram of pipelined S/H and subtractor 



The output of the subtractor is set to analog ground by closing the switch for 
the limiter. 



Vdo(+5V) 




TABLE I 

Amplifier Characteristics 



D C Gain 




53 dB 


Unity Gain Frequency 


380 MHz 


Pttase Margin 




60 degree'*’ 


Settling Time 


rAMP 


5.4 ns“’ 


(0.2%) 


S/H 


8.5 ns'** 


Power Dissipation 


83 mW 



(>) Svrulation 
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Simulated linearity characteristics for S/H circuits 




Comparator for the second A/D subconverter 



* Comparators for the second A/D subconverter have an inaccuracy 



<1 LSB. 
4 



(3 mV at 3V input) 
(FS) 



* > 100 MHz with a 7-8 mW power dissipation. 
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ANALOG 

INPUT 

CLOCK 




1st S/H 
1st ADC 





SI 


risi 


S2 




S3 


1 H3 ; 




1 C0MP1| 


1 AZ 


[ COMPzl 


AZ 


|COMP3| 



2nd S/H ] 


1 




S2 


H2 


S3 




AZ 


AMP1 


AZ 


AMP2 


AZ 


2IXJ ALa^ 

(LATCH) ; 


I 


AMP1 




AMP2 


LATCM2 



Digital 



(AOOQt) 


|ooNccn| 


IcanEOzI 


(OUT-LATCH) 


r 


OUT1 1 



S : Sampl* H ^ Ho4d 

A2 : COMECT : Lin«ai«v Corractton 

Timing diagram for pipelined subranging A/D converter 



Experimental results: 

1 |0.m CMOS, 5V single power supply, sampling rate 50 MHz. 




+0.2 




ANALOG INPUT FREQUENCY (MHz) 



Effective bits and gain as a function of analog input frequency 



TABLE II 
Chip PEUfORMANct 



HMOk/Oon 
Comonion rat* 

Ettocttvt b«» 

Efloctlvo rMoWion bondwIdK) 
Input bandwkitt) 

InpU capKianco 
Powor dlaslpttion 
CNpalM 



8b 
50MHz 

7.9b (tOMapo) 

7.3b (30M^») 
e.7b (50Mspo) 

25MHz 

55MHz (-0.1dB) 
t5pF 

600mW (5V powor uippiy) 
3.2x4.3iran 
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§13-6.2 10-bit 5-MSPS CMOS Two-Step Flash ADC 



Ref.: IEEE JSSC, vol 24, no. 2, pp. 241-249, Apr. 1989. 

1. Classical two-step flash ADC 

* Limited by matching between the MSB ADC and DAC transitions 

* Limited by op-amp settling time (conversion rate) 




S'H L ^ 

MSB ADC ; J I, ; 

D/A, Subtract & Gain : ^ | l , 

LSB ADC ; L 

(b) 

Fia. 2. (a) Oassical twostcp flash ADC block diagram limited to 
bipolar technology. Limitations include matching the MSB ADC and 
DAC transitions otherwise missing codes and nonlinearity may result, 
(b) Timing diagram for the classical two-slep flash ADC. Although the 
four phases arc shown as equal length, the subtraction and gain are the 
.slowest. They are limited by op-amp settling time and limit the conver- 
sion rate. 

2. New structure 

* No OP amps. 

* No gain block 







Fig. 3. Proiotwe subranging ADC block diagram. Notice that there arc 
no <» amps. The timing is similar to that in Fig. 2(b). The ADCT’s and 
DAC’s share components to eliminate matching requirements among 
them. 






3. Circuit implementation 
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TABLE I 

Circuit Design Problems and SourriONS 



Problem 


Saluiion 


Digital Compatibility 
Power Supply Noise 
Charge Injection Errors 
Monotonicity 

Fast, High-Gam Comparator 


5-V OperaUon 
Fully Diffcrcnual Circuits 
Fully Diffcrcnual Circuits 
Can^l Comparator Off set 
MulusiaKC Comparaior 



Shared binary weighted 
capacitor array for the 
MSB ADC and DAC and 
the LSB ADC. 

=> mismatches nL 



DAC MSB Converter 




MSBs 

Output 



Fig. 4. Prototjpc converter’s MSB ADC and DAC. It opcratc.s like a 
standard CMOS fla.sh converter. The 32-C capacitor is used as part of 
an S/H. It is a 5-bit array used for subranging in the LSB conversion. 
The DAC and ADC transitions match each other .since the same 
resistor string Ls used for both. 



V 

V 




1 


o 


mW: 


scr 


J 


c; 


- 1 

^ Xn Xb-- 

Switches 
set to 
XotJe' 


^ _j 


^ 1 * 


1 





LSBs 

Output 



Fig. 5. Prototype converter’s LSB A13C. Thirty-one ADC subsections 
each preset to codes 00001 through 11111 subdivide the region between 
I'l and LSB’s flash decision. The ADC sub.sections arc 5-bit 

binary-weighted capacitor-array ADC’s. The comparators, capacitors, 
latch bank, and encoder are the same ones used in the MSB ADC'. 
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Fig. 7. ^ Three-stage comparator is capacitor coupled to cancel each 
stage’s offset voltage independently. The gain block is based on a 
differential pair input and diode-connected load devices that eliminate 
the need for CMFB that uses area, power, and time. 



4. ADC Performance 



TABLE II 

PROrOIYPL ADC Pertorm^vnce and Specihcations 



Sutnmarv 1 


Kejioluuofl 


lObics 1 


Conversion Rate 


5 Msamplcsyscc 


Maximum DNL 


0.6 USB 


Maximum INL (With comp.) 


3.0 LSB 


Maximum SNR (With comp.) 


SOtlB 


Technology 


1.6 urn CMOS 


Input Capacitance 


50 pF 


Povkw Dissipation 


350 mW 


Area 


54k mils^ 
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§13-6.3 The Proposed A/D Converter 

1. Parallel processing with two 8-bit subconverters. (Time-interleaved ADC) 

2. Two-step structure with single resister ladder. 

3. Using 31 dynamic coarse and 15 fine comparators for 3V Vdd design. 

(No op amps is required) 

4. 1-bit digital error correction. 



• The proposed A/D converter with parallel processing architecture. 



VlN 

ck2 

ckl 




ckl 

ck2 







The proposed 8-bit A/D subconverter. 
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The timing diagram of a 8-bit A/D subconverter. 



ckl ( sample & autozero ) 
ck2 ( fine comparison) 
Coarse comparator output 
Fine comparator output 
Coarse encoder output 
Fine encoder output 




< n X X X > 



< X n-l X n X n+1 X X > 

CZXZX^L>G3<^i><^ 



Adder output 



C3CID>Ci:!>CIX!l!XZ3 













The circuit of the coarse comparator. 
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Fine comparator and its clock sequences. 




latch output X ” X n-H 
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Intermeshed resistor reference ladder. 
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• The layouts and their equivalent circuits (a) with and (b) without separated 
unit resistors. 




(a) (b) 



Experimental Results: 

• Chip photograph of the fabricated A/D converter. 
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SNR+D 



d5.oe«o 



375.0€*0 1 .6E*3 

Frequency (KHz) 



6.2E*3 24.5E*3 



1 

i5.oe*o 



The effective bits versus input frequency characteristics. 
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The FFT spectrum for a 85 KHz sine-wave input signal 



-109.2-', , 

2 50 



-60.0- 

-80.0- 

- 100 . 0 - 



100 150 200 256 
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Table 1 Major characteristics of the A/D converter. 



Process: 


0.8|xm CMOS 


Resolution: 


8bits 


Differential nonlinearity: 


-0.4 to -r 0.4 LSB 


Integral nonlinearity: 


-0.6 to -r 1 LSB 


SNDR(for 85KHz input): 


46.8 dB 


Sampling rate: 


50 MHz 


Input dynamic range: 


0.5V to 2.5V 


Power supply: 


3V 


Power dissipation: 


100 mW 


Active area: 


4950 um X 3790 |0.m 
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§13-7 Pipelined (Multistage) ADC 

♦ Need m(2^''“-l) comparators G R tapes. 

♦ Need m op amps for S/H G subtractors. 

^ High-performance op amp is not easy to be achieved (especially for 3V Vdd). 
Block diagram of a pipelined A/D converter 



Digital Oiilpiil 



Analog 

Input 




Clock 

Input 





Clock 1 






Gen. 





To All 
Blocks 
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Pipelined ADCs 

§13-7.1 A Pipelined 5-Msps 9-bit ADC 

Ref.: IEEE JSSC, vol 22, no. 6, pp. 954-961, Dec. 1987. 

1 . General pipelined ADC 




ni bits n2 bits nk bits 



Residue 




n1 bits 



Fig. 1. Block diagram of a general pipelined A/D converter. 

2. Two- stage pipelined ADC 




ml bits n2 bits 

Fig. 2. Block diagram of a two-stage pipelined A/D eonverter with 

offset and gam errors. 



3. Prototype 



S/H Amp 




3 bits 



Fig. 5. Block diagram of one stage rn the prototype. 
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Fig. 6. (a) Schematic of S/H amplifier, (b) Timing diagram of a two- 

pha^ nonoverlapping clock. 



S.H OUT DAC OUTPUT 




Fig. 8. Block diagram of A/D, D/A subsection. 





Comparators: 
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VDD 




Fig. 10. Comparator schematic. 



4. Measurement results: 



Conversion Rate = 5 Ms/s 
0.75, Input Frequency = 2 MHz 

! 

o.soi 




-0.50. 



- 0 . 75 —^ 

0 128 256 384 512 

Code 

Fig. 11. DNL versus code. 




Conversion Rate = 5 Ms. s 




Code 



Fig. 12. INL versus code. 



TABLE I 

Data Si.'MMARY ovtR Input Frkquhncy Variaiton 
9-bit Resolution; 5-Msample/s Conversion 
Rate; ± 5-V Power Supplies 



Input Frequency 


2 kHz 


2 MHz 


5.002 MHz 


Peak DNL (LSB) 


0.5 


0.6 


0.5 


Peak INL (LSB) 


1.0 


II 


1.2 


Peak SNR (dB) 


50 


50 


49 
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TABLE n 

Typical PtRhORMANCfc: 25®C 



Technology 


3-u CMOS 


Resolution 


9 bits 


Conversion Rate 


5Ms/s 


Area* 


8500 niil.s^ 


Power Supplies 


±5V 


Power Dissipation 


180 mW 


Input Capacitance 


3pF 


Input Offset 


< 1 LSB 


CM input Range 


±5 V 


DCPSRR 


50 dB 



*Does not include clock gen- 
erator. bias generator, refer- 
ence generator, digital error 
correction logic, and pads. 



§13-7.2 A Pipelined 9-Stage Video-Rate ADC 

Ref.: IEEE 1991 Custom Integrated Circuits Conference (CICC). pp. 26.4.1- 
26.4.4 



Analog 

Input 



Clock 

Input 



Digital Output 




Fig. 1 - Analog-to-Digital Converter Block Diagram 



DAC -K L + 



2>SHA=> MDAC 
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inp 




Fig. 5 - Multiplying Digital-to-Analog Converter Schematic 



VDD 





Fig. 1 1 - Signal-to-Noise-and-Distortion 
Ratio (SNuR) versus Input Frequency 



Tabic 1 - ADC Performance: +5 V and 25®C 



Technology 


0.9-um CMOS 


Resolution 


10 bits 


Conversion Rate 


20 Msamples/s 


Area 


9.3 mm* 


Power Dissipation 


300 mW 


Input Offset 


lOLSB 


DNL 


0.6 LSB 


INI. 


1.1 LSB 


SNDR (f,„ = l00 kHz) 


56.6 dB 


SNDR (f,„=5MHz) 


54.2 dB 


DP 


0. 1 5 ® p-p 


DG 


0.23 % p-p 


PSRR (1 kHz) 


55 dB 


CMRR (5 kHz) 


70 dB 
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§13-7.3 A Single-Ended 12-bit 20 MS/s Self-Calibrating Pipeline ADC 

Ref.: lEEEJSSCvol. 33, pp. 1898-1903, Dec. 1998. 

Advantages: concurrent processing of analog signals 
=> optimal speed and power dissipation 
=> high speed and low power 

Disadvantage: * Inherent passive component matching problem 
=> hard to control and yield nL 
=> self-calibration and correction technique 
* Latency => acceptable in most applications 

1 . The pipeline architecture 

* CMOS SC implementation 
=> conversion stage speed 

feedback factor 
oc (interstage gain)'^ 

=> 1-bit/stage for power and speed 
optimization. 

=> simple calibration. 

Fig. I, 

* Transfer characteristic: 

The output residue voltage Vout 
Vout = 2Vin -F D Vref 
D = -f 1 for 0 < Vin < Vref 

= - 1 for - Vref < Vin < 0 

* Digital correction technigue: 

Very attractive for submicron 
CMOS (small chip area) Fig. 2. 





Vin 
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* The "radix = 2" overrange stage 

To correct residues up to — Vref 

^ 2 

outside the nominal ±Vref range for 
Vin. 



Transfer characteristic: 



Vout = 


2Vin -F 2 • D Vref 


D = -f1 


^ Vref < Vin < Vref 
2 


= 0 


-^Vref < Vin Vref 

2 2 


= -l 


-Vref < Vin Vref 
2 



V.n 



Vref/2 



tVreW 



Fig. 3. Overrange stage implementation. 

Vout 




Fig. 4. Overrange stage transfer characteristic. 




Vout 



2Vrcf, 0, -2Vrd 



Lower feedback gain for the overrange stage 
=> maximum operating frequency sL 



* Overall architecture only 3 
overrange stages are used for 
digital correction. 




Kaw data bits 

Fig. 5. Architecture of the ADC including three overrange stages. 



2. Self-calibration and correction algorithm 

* Starting from the eleventh pipeline stage and working toward the MSB stage. 
The rest of the stages (12-15) are not calibrated. 

* For each calibration stage, the calibration consists of 

(1) forcing an analog input value of OV (differential) 

(2) forcing the digital decision to the left and to the right of the transition. 
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* The calibration coefficient 
Memi = code_l - code_h 
Vout = Vref Code_l=0 
Vout = -Vref Code_h=0 
=> Memi = 2|AVout| = |AVin| 

one coefficient for regular 
stage. 

two coefficients for overrange 
stage. 

All the correction coefficients 
are stored in 15 registers. 

* All the digital correction is 
performed in 16 bits, and the last 4 LSB's are truncated for the final 12-bit output 
code. 

* Global offset and full-scale error can be calibrated. 

3. Implementation of Analog Blocks. 

* The single-ended to differential input S/H: 





Fig. ‘>. Block diagram of the singlc-cndcd to ditt'crcnlial input S H. 




* Input common-mode fb amp. 
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Vdd Vdd Vdd 




Fig. 10. Error amplifier in the input S/H. 

* op amp 

(telescopic op amp) 



Vdd Vdd Vdd Vdd 







Fig. 8. Opamp circuit diagram, including output common-mtxlc feedback. 
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-84 
-82 

+ -80 
-78 
-p -76 

74 

72 

-- 70 



Fig. 16. Single-ended dynamic perfonnance versus clock frequency (fin: 
MHz). 



TABLE I 

Summary of ADC Perfor.viance 



Sample rate 


20 MHz 


Resolution 


12 bits 


INL 


0.75 LSB 


DNL 


0.45 LSB 


SNR (Nyquist) 


65.4 dB 


THD (Nyquist) 


-72.6 dB 


Power dissipation 


250 mW 


Noise (ims) 


0.36 LSB 


Input range 


Oto 2V 



THD (dB) 
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§13-8 Folding and Interpolating ADC 

Ref.: Johns & Martin, Analog IC Design, pp. 516-523. 

§13-8.1 Interpolating ADC 

* The number of input amplifiers (or comparators as in flash ADC) attached 
to Vin can be significantly reduced by interpolating between adjacent output 
of these amplifiers. 

A 4-bit interpolating ADC with interpolating factor of 4 



v,„ = 1 V 




* Transfer response of V,, ¥ 2 ^, V 2 b, ^ 20 ’ ^2 vs. Vin: Logic 1 = 5V, Logic 0 = OV 
Gain of input amplifier = -10 
Latch threshold = 2.5V 

More reference levels between Vj and V 2 : V 2 a, V 2 b, V 2 ^. 
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Possible transfer responses for the input- comparator 
output signals, Vj and V2, and their interpolated signals 



* If Vi and V 2 are accurately linear between their own thresholds, 
i.e. 0.25V < Vin < 0.5V 

=> correct crossing points of the latch threshold. 

=> linearity T. 

And the rest of the interpolated signal responses are of secondary importance. 

* For fast operation, the delays of latches must be equalized by adding series 
resistors. 

* Interpolation can be implemented by R string, current mirrors or capacitors. 




Adding series resistors to equalize delay times to the latch comparators 



§13-8.2 Folding ADC 



13-70 

CHUNG- YU WU 



A 4-bit folding ADC with a folding rate of 4. 




Folding block responses 





V - - - 
^ Me’ 16’ 16’ 16 




* The use of a folding architecture to reduce significantly the number of latch 
comparators (2^ in interpolating ADC). 

* The use of analog preprocessing to determine the LSB set directly. 

* Folding rate = the number of output transitions for a single folding block as 
Vin is swept over its input range. 
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{b) 

A folding block with a folding-rate of four, (a) A possible single-ended circuit 
realization; (b) input-output response. 

* 4-bit folding ADC architecture: 

MSB 2-bit: flash 

LSB 2-bit: folding 

LSB: Vj, V2, V3, and V4 produce a thermometer code for each of the four 
MSB regions. 

* Examples: Vin: 0 ^ 1/4 V 

Thermometer code: 0000, 0001, 0011, 0111, 1111 
Vin: 1/4 V ^ 1/2 V 

Thermometer code: 1110, 1100, 1000, 0000 

* Total number of latches: 8 

as compared to 16 in flash ADC. 

* No S/H is required. 

* Folding blocks realized by BJT cross-coupled differential pairs as an example. 

* Large input capacitance seen by Vin. 

* The output signal frequency = input signal frequency x folding rate 
=> limits the practical folding rate used in high-speed converter. 



§13-8.3 Folding and Interpolating ADC 
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' 116 16 16 16 



Folding-block responses 







A 4-bit folding A/D converter with a folding rate of four and an interpolate-by-two. (The 
MSB converter would usually be realized by combining some folding-block signals.) 



* Folding rate: 4; Interpolation: 2 

* V 4 is a new inverted signal from V 4 . 

* Latch number sL 
Input capacitance i 

* Capable of > 100 MHz operation. 

* Can be implemented in CMOS. 
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§13-8.4 A 400-Ms/s 6-bit CMOS Folding and Interpolating ADC 



Ref.: lEEEJSSC, vol. 33, no. 12, pp. 1932-1938, Dec.1998 



1. The structure of a folder with differential outputs. 



* A practical folder has 
5 amplifiers. 




(a) (b) (c) 

Kig. 2. (a) In this figure, a simple folder is highlighted, (b) A practical folder 

has an odd number of amplifiers, (c) The differential outputs are plotted. 



2. A 3-bit folding converter and its cyclic code: 



* Folding rate N, full-scale 
sinusoid 

=> Folded signal frequency 

7T 

~—N- frequency Fin 

Fig. 




A more complete diagram of a 3-bit folding converter. 



00 11001100 
01 01010101 



LSB+1 

LSB 




I I 1 I I I I 1 I 1 I 

Vin — ► 

Fig. 4. The figure shovv's the cyclic code generated by the two comparators. 
The 2-bit decoded binary value is also shown. 








3. The block diagram of the 6-bit converter 
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Fig. 5 Block diagram of the 6-bit converter 



4. The folder structure: 




Fig. 6. The folder is made of five two-stage amplifiers. The reference ladder 
is shared among all the folders. 



* Folding rate: 4 
Interpolation: 2 

* 16 comparators and 16 folders ^ cyclic thermometer ^ 5 LSBs. 

* 5 amplifiers are used 

* Two stages ^ higher gm. 

* Resistor load ^ better transient performance. 

* Output current mode ^ speed T. 








5. Practical folders: 
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(a) (b) 



Fig. 7 (a) The contribution of the fifth amplifier goes unused. 

(b) This redundancy is used to reduce the number of preamplifiers 

* Vxl and Vx2 are fixed voltages generated by a single preamplifier shared 
by all folders. 

* Power dissipation si. 

6. Interpolation with current-mode folder signals 




Fig. 9. Interpolation with current- mode folder signals. A current split-in- 



four block is shown on the right. 

* The number of folders st. => 16 ^ 8 

* Problems: (1) It adds an extra node to the signal path, reducing the 

bandwidth of the folder circuit. 

(2) It does not work readily at low power supply voltages. 
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* Improved circuit: 

Merge the current division within the folder. 




Fig. 10. The folder is modified to include current division. The modified amplifier 



is on the right. A block diagram for a modified folder is also shown. 

* Fast operation and low-voltage operation. 

7. Comparator design 

(1) First stage: 




(a) (b) 

Fig. 12. The comparator core (a) tracking and (b) latching. 



* Current-input voltage-output comparator. 

* Resistor load. 
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'I'racking Latching 




Fig. 13. Output voltage of comparator first stage during tracking and latch- 
ing. 



* Advantages: 

(a) Currents are summed to drive the latch (i.e. Hul + lin^) => The input 
signal has very little effect after latching begins. 

(b) linL and lin^ always flow from tracking to latching => The folders are 
little disturbed. 

* Need the second- stage buffer and latch. 



(2) Second stage: 




Fig. 14. Comparator second stage. 






(3) Third stage to reduce metastability errors: 
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Master Slave 




Fig. 15. Three comparator stages. 



8. Complete ADC block diagram 

The sync block: To suppress the delay mismatch between the coarse ADC and 
the rest of the circuitry (i.e. the fine converter) 




MSB 



MSB-1 



MSB Lo 



MSB Hi 



or 



(a) 



I 

-I 

or 



(b) 



Vin 



Fig. 16. (a) ADC block diagram with detail of coarse ADC. (b) Coarse ADC 
waveforms 

* MSB-Lo and MSB-Hi are offset by ^ Fs at either side of the MSB 

8 

transition voltage. 

* If MSB-1 = 0, MSB = MSB - Lo 
If MSB-1 = 1, MSB = MSB - Hi 

* Can tolerate a relative offset of up to Fs. 

8 
















9. Measurement results: 
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80 " 

60 
40 

CQ 20 
■O 

0 

-20 
-40 

-60 ' ’ - 

O.E+00 1 E+07 2.E+07 3.E+07 4 E+07 5 E+07 

Frequency Hz 

Fig. 17. FFT for 1-MIlz sinusoid sampled at 400 Msample/s (decimated). 

Signal to Noise and Distortion 







Resolution (Bits) 



§13-9 Summary 
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CH 14. MOS Switched-Capacitor Filter Design 

§14—1 Preliminary Considerations 

§14-1.1 Classification of systems and filters 

1 . Continuous-time, discrete-time, and sampled-data systems 




c y 



differential equations difference equations 



2. Tine-invariant systems and causal systems 

T.I. : x(kt)^ y(kt) => x[(k-n)T]^ y[(k-n)T] for any x(kt) and n. 

Causal : x(mt) => y(kT)=0 for k<m 



3. Filter types: 

(1) Low-Pass(LP) 



H(s) 



Ko) " 

P 

S^+{ojJQ^)S + wl 



(biquad) 

Two complex poles (LHP) 



H{jco) 
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(2) High-Pass(HP) 



H(s)^ 



KS" 

S^+(cdJQ^)S + cdI 



Two complex poles(LHP) 
Two zeros at S=0 





Two imaginary zeros 



o)p>a)z High-Pass Notch filter (HPN) 
o)p<(jC)z Low-Pass Notch filter (LPN) 

(5)Low-Pass Notch (LPN) (6)High-Pass Notch 
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(7)ALL-Pass (Delay Equalizer) 



H(S) 



5”" -(CD /Q )S + CD^ 

V P -2^ P / P 

S^+{wJQ^)S + wl 



Two complex poles (LHP) 
Two complex zeros (RHP) 
mirror-imaged 




§14-1.2 Sampling Process 

§ ideal impulse sampling: 

00 

S(t)=S,(t)=X^(^-^^) 

k=-oo 

t: sampling period 

00 00 

Xd(t)=x(t)S^(t)=x(t) '^x{t)S{t -kr) 

K=-oo k=-oo 

1*00 

remember: S{t- kz)dt = 1 d{t-kz) =0 for t^kz 

J-oo 

oo 

= > Xd(t)= ^ x{kz)5{t - kz) 

A-=-co 

00 

Fourier transformation of S ^(t): Sp(t)= ^ 



k=-oo 



Where Ck ^ - {{ s(t) dt= - 

T •' T 



-multiplier 



x(t) 




Xd(t) 



S(t)=ST 



) for ideal 



impulse sampling 



C0s = 



Itt 



= >x<,(t)=x(t)SF(t)= X C,x(,t)e*-' 

k=-oo 

00 oo 

F[Xd(t)]=F[ I CAt)e*-']= ZC,F[x(0e^‘"-'] 



k=-co 



A-=-co 



XCjco-jkcOs) 



k=-oo 



where F[x(t)]=X(ja)), k=±integer 

I 

base-band spectrum 
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Sampling Theorem: 

A function x(t) that has a Fourier spectrum X(ja)) such that X(ja))=0 for 



CD 



^ is uniquely described by a knowledge of its values at uniformly spaced 



time instants, r instants apart( t = In! 

2o)c: Nyquist rate. 

Anti-aliasing filter is required. 

Reconstruction filter is also required to recover x(t). 



spec 





§ Finite -Pulse Sampling (non-ideal sampling): 
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^ ^ 

Sp(t)= ^[u{t - kz - - u{t - kz + — )] a>0 

k=-ao 2 2 

Cr-[\ Sp(t) 

T f T kco all 

^ s 





For single input/output, linear, time-invariant, sampled data (or discrete-time) 
system: 

N M 

y(kr) + y[(k-n)r] = £a„ x[(k-n)r] 

n=\ «=0 

M.N: non-negative integers 
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Two cases:(l) ^„=0 for all n => nonrecursive system 



M+1 tap transversal filter 
Finite-Duration Impulse Response(FIR)Filter 



(2) for n > 1 = > Nth-order recursive system 



Infinite Impulse Response(IIR) Filter 



z-transform: 



iV IVi 

Y(z)(l+X*„Z-”)=X(z)X«.z- 



Y(z) _ 

H(z)= = pulse transfer function 

n=\ 

_ g (1 - ')(! - ') (1 - Pn^ ') 

(1 - ‘)(1 - a,Z ') (1 - ') 



Mapping between Z-plane and S -plane: 

ST I • ^ 0T icOT 

z=e s=o+jo) => z=e e^ 



For (Os>2(Oo, the base-band response X(ja)) over the range -^<(d<(dJ2 is 

sufficient to determine X(ja)) for all co. 

* - — <0)<0)J2, — oo<( 7 <oo =>all Z-plane ZZ = -n 

^2j 

(j) 

^ <(D< — oo<cT<oo => overlap on Z-plane ZZ = -3;r ^ -n 

(j) 3^y 

— oo<cr<oo => overlap on Z-plane Z.Z = ti 

* co=coi, — oo<( 7 <oo =>a straight line from z=0 to z=oo with angle coix 



jco axis => (7 =0 => z =1 unit circle 



(7 >0 z >1 for all CO => RHP ^ outside the z = 1 circle 



(7 <0 z <1 for all 00 => LHP ^ inside the z = 1 circle 
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* S=0 z=l ; o)=0 — oo<cr<+oo => Real Z axis (positive) 



First-order transfer function: 
1 



H(z)= 



— Z=a is the pole 



az 

h(kx) k=0, 1,2,3, 

( 1 )a> 1 , diverging unstable 

(2) a=l sequence of I's unstable 

(3) a> 0 a<l stable 

(4) -Ka<0 



(5) a=-l 

(6) a<-l 



stable a<0, coT=± 7 r 

0)kT=±k7r 

unstable 

unstable 





1 


JCO 

®i G 










1 


0 cr 

^ Stable 



i„z, 




R„Z 



G(o))=201og[|//(Z)| ] dB magnitude 

ImH(Z) 

(^(co)=tan^ Re//(Z) 

The magnitude and phase can be determined graphically in the same way as 
those determined from the s-plane poles & zeros. 



§14-1.4 Sample and Hold Circuit 



Zero-order hold or S/H function: 



Ho(s)= 



ST 



Ho(jo))=e 






sin((j;x/2) 



G)T H 
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Xr(jC0)=Xd(jC0)He(jC0) 

* The different between Xr(ja)) & Xd(ja)) at o) = ±(jC)c can be eliminated by setting 
C0s/a)c»l- 



§14-2 Switched-Capacitor Network System 

General Switched-Capacitor Network (SCN): 

ideal capacitors, ideal voltage-controlled-voltage sources (VCVS's), ideal switches 
& sampled-data voltage inputs. 

VCVS: freq. indep. gain amps or infinite gain OP amps. 

* Typically, the sampled-data voltage input is only single, not multiple. 

* The input may be a continuous one. 

* The effects of non-ideal switches, non-ideal OP amps, & non-ideal cap. should be 
considered as & second order effects. 




Block diagram: 
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Switched-Capacitor Network 
(Two-phase clock) (can be multi-phase) 



General symbols: 



o- 



e o 

-0^O-9-0^ 



V,(kT) 



o — o 



o- 



o- 



(J v,{kT) 



V,{kT) 



-o 



o- 









Tc<T ^ 

to avoid overlapping 
of (])* and (])° 



ir 






<!>e 



(!>o 



e o 

-Ql. o - 



i I 



-o 



o- 



Q V,(kT) 



V,{kT) 



-o 



o- 






2T 



3T 



even clock 









odd clock 



x: sampling period 



x=2T 



-o 



(J V,{kT) 



-o 



* Generally, SCN is time-variant since the network topology is different in the ease of 
(])* and (])°. However, if we separate the input/output sampled-data voltage into one 
even component and one odd component and separate the whole SCN into one 
even part and one odd part, then we have two time-invariant networks coupled 
together. Analysis thus can be performed. 








Sampled-Data Waveforms 
1 . Return-to-zero waveforms 
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_ or' IT IT 3T 4T 5T 




Va(z)=u;(z)+ u;(z)= u;(z) u;(z)=o 

Similarly, we have Vb(z)= U;(z) + U;(z)= V,\z) V,\z)^Q 

2. Full-clock-period (Full-cycle) sample-and-hold waveforms 




vc(z)= f;(z)+ f;(z) 

f;(z)=z^ F;(z)(vu;(kT)= r;[(k-i)T]) 



Similarly, we have Vd(z)= F/ (z)+ (z) 
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u;(z)=z^^ u;(z) 




§14-3 Filter Design Process 

1. Specification 

(1) Low-Pass Filter 
Specification: 









(2) Band-Pass Filter 



14-12 

CHUNG- YU WU 



CO 



2. Approximation 

(1) Classical approximation 

a. Butterworth 

b. Chebyshev 

c. Elliptic 

d. Bessel 

(2) Modern approximation 

3. Realization 
Two methods: 

(1) Realization of the biquad (2°^ order filter)and the first-order filter =>cascade 
or couple them to form a high-order filter. 

(2) Realize H(s) using LC network =>replace L by some integrated-circuit 

simulator or simulate the LC network using integrators. 

* Low-sensitivity, high-performance 





§14-4 SC Integrators via OP AMPS 
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The inverting SC integrator 




Operation: 
(l)(l)o phase 





"Ideal OP AMP" 

V„„,(T,)=Ve2(T„)=V™,(T,..,)-^Vi,(T,) 



V (T)-V (T ) C 1 

out\ n y out\ n-\/ i/' ('T \ V (T \ 

' in \ n y T\ ✓-T ' in \ n ^ 



TC. 



R,C, 



^>—v = — !— F = — i — V = !- 

dt 1 ^ 






•-1^2 



Q/ 



c 



r^x-) 



C 1 

High-precision integrator time constant RC=— — 

0 / 

Z-domain Expression: 

V„„,(z)=V„„,(z)Z-‘-^Vi,(z) 

C_z O 



= >H(z). 



(Q/CJ 



Backward Euler Transformation: 



1-Z 



H(S)=- 



1 



1 



{CJC,)TS R,C^S 
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Parasitic-Free structure: 
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§14-4.2 Non-inverting SC Integrator 



^e(^o) : Vei=+Vi 

^o(^e) : Vei=-V2 

AQ=Ci(-Vi-V2) 

M=,=_c,C±U 



-CV +v 

IfV2=0 



T 1 

= > R=- — = 



R J/_0 



^Mo) ^ Ui 



4'oi4'e') 



C, CJ 






c. 



M,)/ 4'MoU' 






= > SC simulated negative resistor! 
The non-inverting SC integrator: 




out 




Operations: 
(l)(l)e phase 



(2) (])o phase 




out 




V„„,(T,)=V„„,(T,.,)+Uj^_(7;j 

^2 



=>— c c 

dt 



V 1 

= >^{s)^H{s) = 



R,C,S 



Q/ 




Z-domain expression: 
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§14-5 Fully Differential-Type SC Integrators Using OP AMPs. 







c 



* Better noise rejection 

* Better CMRR and PSRR 

* Better Frequency response 

* Better slew rate 

** More components (switches, capacitor, OP AMPs) 

** Thermal noise | due to the added components and switching operations. 
** Need common-mode feedback or common-mode bias circuit 




§14-6 SC Differentiators Using OP AMPs 
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R 




Inverting: 




= >H(z)=-Y(i_z->) 



Backward-Euler Transformation: 






1-Z ' 
T 



H(S)=-S^r = -S^- = -SRC, R=— 

c C f cf 

Noninverting: 





14-19 

CHUNG- YU WU 




H(z)=+|l(i_z-') 



Differential-Type SC Differentiator: 




Characteristics of SC differentiators: 

1. Parasitic-free structure. 

2. No dc instability problem as in SC integrators. 

3. No high-frequency-noise problem as in continuous-time differentiators. 

4. Can be used to design filters as SC integrators. 

Ref: IEEE JSSC vol.sc-24, pp. 177-1 80, 1989. 




§14-7 The Design of SC Biquads (Second-Order Filter) 



14-20 

CHUNG- YU WU 



H(c)_ - ^ VJs) 

+ — S + 



§14-7.1 Low-Q SC Biquads 

Step 1 : Flow diagram generation. 

S"V™,=-[K2S"+K,S+K„] V„-(®„|+ 6>1).N„ 

=>V„„,=4 K’^>+’^2S)V|,+(^) .v™,+ co„. V.) 

>j Q 

where Vi= ^ [(Kh,/cOo) • V in+cOo • Vout] 

u 



-0)^ 




K, +K^S 



Step2: Active-RC design 







Step 3: SCF 
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Cl = T * K,/C 0 o=|^j * cOo * i ^ 

X '' (0 

o 

C, = C,=(o,*T=- 

X 

C 4 = (cOo * T/Q)=— = >^— = ^ (not suitable for high Q) 
Qx coT C 4 




Step 4: refinement 

Z-domain block diagram (If the accuracy is not good, change to Z-domain diagram) 
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Cl" = ao 
Cl' = a2-ao 

C, = I/C3 * (ao+ a,+ a2)=i(2C,"+C,'±a,) 

^3 

C4 = b2-1 

C2*C3 = bi+b 2 +l 
C2=C3 

In this diagram, each op-amp and its feedback capacitor (Ca or Cb) is replaced by 
its voltage-to-charge transfer function. 

vgz) i-z-' v^z) 

Here Cf is the feedback capacitor. 

Similarly, 

C * ( 1 -z'^) for an unswitched capacitor (e.g. Cf') 

C for a non-inverting capacitor (Cf, C 3 , C 4 ) 

-C * z'^ for an inverting capacitor (Ci, C2) 



From the block diagram, the exact transfer function is 

^ (Cf+Cf')z^ + (C.C3 - Cf-2Cf')z + Cf 
V.Sz) (1 + CJz^ + (C,C3 - Q - 2)z + 1 



As compared to H(z) specifications, the capacitances can be determined. 



H(z) 



<22 * -I- * Z -h fig 

Z?2 * z' + * Z + 1 



TYPES 


COEFFICIENTS 


L-P CASE 


Cf=Ci "=0 
Ki=K2=0 ao=a2=0 


B-P CASE 


Ci=Ci "=0 

Kq=K 2=0 ao=0,ai=-a2 


H-P CASE 


Ci=Cf =0 

Ko=Ki=0 ao=a2=-^ 


NOTCH CASE 


Cf =0 

Ki=0 a2=ao 
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§14-7.2 High-Q SC Biquads 




2. Active-RC design 
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Ci=Ko T/coo = {^)coT = \AAcoJ' 

0), 

C 2 ^ COqT 

C 4 ^— (instead of 

Q ^ 0 ^ 

Ci'^Ki/coo 

cr^K 2 

4. Z-domain block diagram of a high-Q biquad: 



C, 




C.’’Z^ + (C,C 3 + C/C 3 -2c;’)z + (c/’-c;c 3 ) 
z^ + (C 3 C 3 + C 3 Q - 2 )Z + (1 - C 3 CJ 

Choose C 2 =C 3 
Coefficient matching: 

C M ^2 

1 -~r 
bi 

CiKcr-— )/c3 = ^^^ 

bi b^c, 

Ci=(ai/bi-Ci'C3+2Ci")/C3=(ao+ai+a2)/(b2C3) 

C4=(l-U/C3 

bi 

C3^=C2Hbi/b2-C3C4+2Hbi+b2+l)/b2 




Example 3 : High-Q Low-pass SCF Biquad 
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5.25 

C2=l C3=l C4=1.2 f =_L 



U CENTER ERE. 
fs: SAMPLING ERE. 

Example 4: High-Q Band-pass SCF Biquad 




C2=l C3=l C4=1.2 f = 

U CENTER ERE. 

U SAMPLING ERE. 
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Frequency response of low-Q Low-pass SCF biquad 




Frequency response of low-Q Band-pass SCF biquad 
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Frequency response of High-Q Low-pass SCF biquad 
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A ‘ Ul 'n I 






M 

l\ 

1 




X 






CALCULATD 



J 



OdB- 



fOOHz 



I kHz 



CENTER FREQUENCY: IK Hz 
SAMPLWG FREQUENCY: 39.6 Hz 



V 



o COMPUTED BY SWITCH CAP x EXPERIMENTAL ' i 

“ \ 



\ 

V 



loqHz 



> 



to kHz 



FREQUEMCY RESPONSE 



14-30 

CHUNG- YU WU 



Frequency response of high-Q Band-pass SCF biquad 



20Log\^ 






4c/£- 



OdB 



ICO Hz 

— ( 



A 

/• 

/! 

I 



I * I 



I OK Hi 

logf 



u 






CALCULATED 



/ 

i 



\ 

\ 



3 

/ 

■'X 



CENTER FREQUENCY: IK Hz 
SAMPLING FREQUENCY: 39.6 Hz 

o COMPUTED BY SWITCH CAP x EXPERIMENTAL 



FREQUENCY RESPONSE 
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§14-8 First-Order SCFs 




2. Active-RC design 
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4. Z-domain block diagram 




§14-9 Switched-Capacitor Ladder Filters 



§14-9.1 Approximate Design of SC Ladder Filters 

(1) Third-order low-pass filter without finite transmission zeros 




1/Rl 



Flow diagram 
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(2) Third-order low-pass filter with transmission zeros 

®al=-C0a2“ 



1 






-Vr 



-1 



5'(Cj + Cj) 



-h=-^[r,-r,l 

sL^ 



V -V 



R 



+V. 



-1 



+C3) 

LCR Prototype circuit: 



K 

-sC.K -Ij+^ 
Rl. 



Loss 










Flow diagram: 




** The circuit has a stability problem at dc. 
Due to inductor loops! 
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H 



AB 



V, 



Circuits below 



_ - sL^ 

©and ©disconnected 4” ^ 2 ) / Rs -\- 1 



Hcd — 



V. 



V. 



-sL. 



Circuits below © and 



'disconnected ^ L^{C 2 + + SL^ / +1 



When S^O, Hab^O, Hcd^O 

= > There will be no dc feedback paths around the 
center integrator which provides -I 2 , 

= > OP AMP will be in the open-circuit status with A^oo. 



= > Saturation occurs 



How to solve this problem? 

Don't model the inductor loop currents separately, 
i.e. Ii, I 2 , 13 . 

Only two inductive currents I ® and I ® entering nodes 
(T)and are modeled. 

= > Vin =0 and S^O, I® =0 and I @=0 

= >No any instability at dc. 

i.e. 

Treat only two inductors as independent inductors. 
I® M 1 +I 2 
I© M 2 -I 3 



New flow diagram: 
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1/R. 




1/R, 



-V, 



-1 






s{C,+C,) 
-Iq A -(/,+/,) = 



R 

-1 






sL 



12 






^1 ^2 



V3= 



-1 



-IOaIs-I 



5(C,+C3) 
-1 






-sC,V,-I^+^ 



sL 



12 









Where LnALjlj = L,L^ !{L, +L^) 
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Rs 
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SCF: 
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General Procedures for the approximate design of SC ladder filter 
: 1 . A doubly terminated LC two-port is designed from 

the SCF specifications can be prewarped using the relation: 




) 



which represents the frequency transformation due to 
the LDI transformation implicit in the design 
produce. 



Inverting SC integrator + Noninverting SC integrator 



1-z ' 



(C,/CA . 

VI 2 / noninv 

1-z ‘ 



-Kz' 

Ton z=e'“^ 



-K 



1 1 
(z^ — z 



= >H(e'“^) 



+ K 

4sin^(<yr /2) 



LDI mapping (Lossless discrete integrator): 
2T 

T 1 - - 

If — is used =>Sa=— 

2 T 

I T 

= > cOa^ Sinico—) 

TH 2 



2. The state equations of the LCR circuit are found. The 
signs of the voltage and current variables must be chosen 
such that inverting and noninverting integrators alternate in 
the implementation. If inductor loops exit, the inductive node 
currents can be used. 
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4. The block diagram or signal flow graph (SFG) is 
constructed from the state equations. It is then 
transformed (directly or via the active-RC circuit) 
into the SCF. 

5. If necessary, additional circuit transformations can 
be performed to improve the response of SCF. 

§14-1 0 Exact Design of SC Ladder Filters 

* Ladder synthesis based on the bilinear Sa-to-z transformation 



§14-10.1 Third-order SCF (Low-pass with finite transmission zero) 




T z + 1 



(2)preserves the flatness of PB and SB 



C2'=C2+Cl2 









5,(C2' + C3) 




LCR Prototype Circuit: 




Flow diagram 
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1/R< 




®a^2 



Sa C 



a '-2 






Sg(C-J + C2) 



-I' 



1-(saT/2)' 



-V, 



-1 



Y) 





Sa>-2 








-1 




1 


\ 


^3 


T 


Sa(C2+C3 ) 






1/Rl 





■OVout 



The center block has the transfer function: 



H(Sa)=SaCL2- 



SL, 



SL, 



SL, 



Transformation of the blocks into SC circuits: 

(1) Finding Q-V relations of all blocks and branches in 
the Sa domain. 

(2) Transforming the Q-V relations into the z-domain. 

(3) Realizing the transformed z-domain equations into 

SC circuits. 



Five different blocks: 
(a) The input branch 
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K o 



Qin (Z)= 



T z-f-1 P^.„(z) 
2 z-1 i? 



= >(l-z-‘)Qi.=;U(i+z->)v„(z) 

2K 



V,„ 



c 

qin(tn)-qin(tn-l)=^[Vin(tn)+Vin(tn-l)] 



SC realizations: 



Optional. To guarantee the charge flow only when (])i=l 



C3/2 






(p. 



<Pi 



X~r 

Cs=F 



Virtual 






ground Cs : Cs Vin (tn-i) 

* Not stray insensitive. 
Cp + Cs not Cs 



(b) The feedback branch ^ 

/ 



VinO- 



Cs/2 



cp. 



(p 



y. 

(Pz 



Virtual 

Aground 



ir 



-■y:-YK,fe)-nXC,)] 



C,: CVi,.(t„) 

U 

y[Vi„(t,)+Vi,(Vi)] 

Stray insensitive. 



(c)The branches SaC 

^ = CS^ — = C 



V 



s 



Only a C is required. 



(d) The blocks - 



5” C 



Q 

V 



— = -C = > OP with a feedback capacitor C. 
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(e) The center block 



-Z-/- 



Q(S,)=^ 



\-(sj!iy 
s "u 



(V1-V3) 



= > 



Q{z) 



i-[(z-i)/(z-Hi)r 



4C,,Z 



V,{z) - V,(z) ( 44 /r)[(z - l)/(z + 1)]^ (z - 1)^ 



, 4C 

AQ(zH1-z-^)Q(z)=^(U3-Z,) 

z - 1 






V,-V~ 1-z 



1 - z 



Realizations: 




The final realization is shown in the next page. 

* This circuit is not fully stray insensitive. 

C 

* The negative capacitor - has been merged into the feedback capacitors 
Ca and Cb, respectively. 

Ca=C,+C2'-C Cb=C2'+C3-C 

2 2 

* Why C 2 ', -Cl 2 ? 

To create a block which is realizable by SC circuit. 




§14-10.2 Bandpass LCR filters 
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-W 2 can be produced as: 




5” L 

a 



= >I2(S)=S[(Ci+Cli)V1+(Ci+C3+Cli+Cl3)(-V2)+(C3+Cl3)V3] 

+(^-^) [riVi+(ri+r2+r3)(-V2)+ r 3 V 3 ] 

T2 1 

Where Cu= ,H=— 

4L L 

i i 

First Term: 

Q2'(SHCi+Cli)Vi+(Ci+C3+Cli+Cl3)(-V2)+(C3+Cl3)V3 
Can be realized by unswitched capacitors. 

Second Term: 

Q2"(Z)=[(|^^)’ - [r,v,+(r,+r2+r3)(-V2)+ rjVj] 

2 z-1 4 

= J ^ [riVi+(r,+r,+r3)(-v,)+ 

(1-z ) 




The same as before but now three functions are 
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superposed together. 



C C r r ^ ^ ^ 

Conditions: = — = 4C,^ ; = t\— + — + —) = + C,,) 



C L, 



a 



^2 ^2 



C C 

'^ = — = 4C 

Cg Z/3 



L3 



Stage providing Q 2 ”(z): 
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Z-domain verifications: 

Upper OP AMP: 

C,(l-z-‘)V,+C3(l-z-‘)V3+C2(l-z-‘)V,+C7Vb=0 
Lower OP AMP: 

-C4Z-‘V,-C6Z-‘V3-C5Z-‘V,+C8(l-z-‘)Vb=0 
V, - 

,, _z''(l-z-‘)[(C,V -C.C,)'", +(C,C,-C,C,)V,] 



where 

C C 

Ni(z)=CiC8[(1-z-1)2+^z-‘] 



c c 

N3(z)=C3C8[(1-Z-^A^Z-'] 



D(z)=C2C8[(1-z-‘)V^z-'] 

* All poles and zeros of the transfer functions Vt/Vi, Vt/V3, Vb/Vi, and Vb/V3 
are located on the unit circle. 

After the bilinear s-to-z transformation, 

y _ [(C,Q -c,c,/4)5Vc,c, /r^F, +u3[(C3Q -c,c, /4)5^ +QC,/r^] 

' {C^C^-C,C,!A)S^ +C,Ct!T^ 



Vb= 




|)[(C,C. - c,c,)f; + (CQ - C,C,)V,] 
{C^C,-C,CJA)S^ +C,CJT^ 



* The phase shift between Vt and Vi, as well as between 
Vt and V3 are either 0° or 180° for s=jo) 

= >The same as for the LC prototype regardless of the 

element values Ci. 



= >Can simulate a lossless LC with the same low 



sensitivity. 
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* It can also simulate the behavior of any LC ladder section which has a T 
configuration. 



High-pass 





V 



3 




= >V2 



(aS^ +b)V,+(cS^ +d)V, 
eS^+f 



* High-Pass Case : 
At Z^e'®^^-! 



, i.e. co= 



CO 



c 



2 



2tiIT 

2 



If the loss is zero (i.e. passband), 



=>(l-z^)Qin(z> 




(l+Z^)Vin(z) 



=0 

Qin(z)=0, but loss is zero 

= >The other part of the circuit 
should have an infinite gain. 
= >unstable. 

Rs input (i.e. input termination) is a problem! 

* Inductor loop is O.K. 
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§14-10.3 Comparisons 

LDI Realizations of Ladder Filters using SC Integrators 

(1) Prewarping is required 

(2) Inductor loop exists 

= >Modified design 
= >Component sensitivity | 

Bilinear Realizations of Ladder Filters using SC Integrations 

(1) Prewarping is not required. 

(2) Low-pass, band-pass ladder filters are O.K. 

But they are not fully stray insensitive. 

(3) Can't realize high-pass or band-reject filters. 

= > Instability exists. 

(4) Some modifications are proposed. 

But they are not fully stray insensitive. 



§14-11 The Scaling of High-Order SCF's. 

Why scaling? (1) Improve the actual performance. 

(2) Reduce the silicon area 




SC filter section. 
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Let all branches connected to the output terminal of OAi be modified such that 

their Ag/U transfer functions F4, F5, and Fs are multiplied by a positive real constant 

factor k. This can be achieved simply by multiplying all capacitors in these branches 
by ki. 

Since the input branches and their voltages were left unchanged, the change 
flowing in the feedback branch is 

A Q4(z)=- a Qi(z)- a QiCz)- A QsCz) remains at its original value. 

= > V2'(z)=AQ4(z)/[k,F4(z)]=V, 

The new output voltage of OA, The old output voltage of OA, 

V,-^V/ki due to scaling. 

A Q5’=Fs'(z) V ’(z)=k,F5(z) =F5 (z) V.(z)= Aft (Z) 

k. 

I 

Voltage scaling does not change charge flowing from the scaled branch 
to the rest of the circuit. 

= >Only V,/k„ all other voltages or changes are not affected. 
Optimization of the dynamic range using scaling 
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Op-amp output voltage responses for a low-pass filter. 



OA2 will saturate before OA5 beeause [FjI > lUj] for 00-002- 
Now, we choose Vi„, max=Vmax/A2 



A2— 



V /V 

p2 ' ' in 



1 



V IV 

* pi' * in 



A2=Ap|r„ IV „ 



V 

max 

in, max ~ 



V V V 

max P5 ^ ma> 
Ap Vp^ Ap 



since Vp5/Vp2<l 



= >Maximum Vin | = > Dynamic range | 

Reducing V2 by scaling. 

V2'(®)=V2(CO)/k2 k2=Vp2/Vp5 

= >¥2' has a peak value of Vp2 which is equal to Vps. 



^ ^ in, max ^ max/ -^p 

Similarly, k3=Vp3/Vp5. ki=Vpi/Vp5<l, k4=Vp4/Vp5<l. 

It is not good to choose k2(k3)> Vp2/Vp5(Vp3/Vp5)because the noise will be increased. 
= > dynamic range |. 

CONCLUSION: 

For maximum dynamic range, all op-amp outputs should be scaled such that 
each (at its own maximum frequency) saturates for the same input voltage level. 
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Let the transfer functions Fj(z) = l^Q. / Vj of all branches connected to the input 

terminal of OA, be multiplied by a positive real constant M, => C,^mC, 

, n= 1 , 2, ' =m, 

Fa, F4 



V' 



_Ae; 



f: 



mF^ 



F. ' 



V, unchanged! 



The output charges and Agg also remain the same 

=>The above scaling by m, leaves all op-amp output voltages 
in the SCF unchanged. Only the charges in the scaled 
branches get multiplied by m,. 

=>Effective in reducing the cap. spread and the total 
capacitance of a SCF. 

C,; min among all capacitors contained in these four branches 
is located. =>A11 capacitors contained in these four branches 
are multiplied by rni=Cmin/Ci, min 

=> The smallest capacitance becomes Cmin and all op-amp 
voltages remain unaffected. 



* Scaling for optimum dynamic range should be performed first, 
and scaling for minimum capacitance afterwards. 



1 . Scaling for Maximum Dynamic Range 

(a) Set Vin(co) to the largest value for which the output 
op-amp does not saturate. Record Vm(co) and V,;max 

(b) Calculate Vpi for all internal op-amp output 
Vpi usually occur near the passband edges. 

(c) Multiply all capacitors connected or switched to the 
output terminal of op-amp i by k,=Vp/C max where 
V,;max is thc Saturation voltage at the output. 

(d) Repeat for all internal op-amps. 



2. Scaling for Minimum Capacitance 

(a) Divide all capacitors in SCF into nonoverlapped sets. 

Capacitors in the set Si are connected or switched to the input terminal of 
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Op-amp i. 

(b) Multiply all capacitors in S, by m,=Cmin/C,, min. 

(c) Repeat for all sets S,. 

* Scaling for optimum dynamic range may also reduce the sensitivity to finite 
op-amp gain effects. 



Y 





The influence of finite op-amp gain: (a) actual circuits; (b) equivalent cireuits. 



3. The bloek diagram or signal flow graph (SFG) is eonstrueted from the state 
equations. It is then transformed (directly or via the active-RC circuit) into the 
SCR 

4. If necessary, additional circuit transformations can be performed to improve the 
response of SCR 
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§14-10 Design Examples on Cascaded SCF and LDI Ladder SCF 



§14-10.1 Cascaded SCF 



Filter Specification 
Passband: 



Stopband: 



Sampling frequency: 

Design Procedures: 
l.S-domain transfer function H(s) 
Frequency prewarping 



0 to fp=lkHz 

passband ripple ap<0.05dB 

(Maximum allowable passband gain variation) 

fs<1.5KHz tofc/2 

Minimum stopband loss as>38dB 

(Maximum allowable gain value) 

fc=-=50KHz 

T 



®ap 



2 

—tan 

T 



CO T 

^^=6291 

2 



.4667 rad/s 



—2 CO T 
®as — tan^^ 

T 2 

Selectivity parameter 

0.6656 

Elliptic filter is chosen to minimize the filter order. 



Results: 

H(Sa)=( 



k 

0.068 



S^a + &, 



+ 0.7814001 r ^6” '+ 0.969345566' + a" +b" 



( 



(-«o) 

o 2 /V 2 

+(o^ 



(- 2 ^) 



6 ^ -2a,S +a" +b" 

a 2 a 2 2 



where ai=-0.48467278, b 1=0.82815049, a2=-0. 128006731, 



b2=l. 100351473, wi=l. 5514948, W2=2.32131474 
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=> filter order=5 

Wap=l rad/s, «p=0.044dB, Was=l. 49448 rad/s, 
ag=39.57dB, ^=0.669 

=> The specifications are satisfied with Ha(0)=l 



2. frequency denormalization and z-domain transfer function H(z) 
Denormalization: Sa^S/oOp 

H(Sa) ^H(S) 



H(S)=K 






{S^ + cd")(S^ + CD,'') 

2a^s -h a' + b^^)(S^ - 2a,s + -h b^) 



Where K=428.247646, cOl=9.76117788xl0^ 

0)2= 1 .46044744X 1 0^ ao=-4.9 1 615278x10^ 
ai=-3.04930266x 10^ bi=5.21028124x 10^ 
a2=-805.350086, b2=6.92282466x 10^ 

2 z — 1 s ^ ^ 1 

Bilinear transformation: = 10 

T z + \ z + \ 

H(s) ^H(z) 



H(z) = (C 



z -l- 1 ^ , z -l- C.z -l- 1 z -l- C,z + 1 X 

^ ^ — 7^ 

z + d^ z +e^z + f^ z +e,z + f. 



Where C=3.8719271xl0■^ Ci= -1.962247471, C 2 = -1.916465445, 
do=-0.906284158, Ci= -1.871739343, fi=0.88543246, 

62=- 1.9494 16807, f2=0.968447477. 



Check: 






satisfies specifications. 




I I 



■ KkHz) 

0:Sf:Sy2 
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3. SC realization 



(1) Ho(z)= 



z + 1 



z - 0.9063 
Cd 

^ 



V. 



4 






-1/a 



1-z- 



Z 4- 1 



-O V, 



out 



TT.^ CW2 

Ho(z)= X 

C,+C, z-C,/(C, + C,) 

Cs=2 arbitrarily chosen 
=>Ce=0.9063 , Cd=0.0937 




(2) Hi(z> 



z^ -4 CjZ -t- 1 



_ («! +^1 )' 

2|a,| 



0.99 Low-Q 



The SCF is shown on P.14-21. 

The component values are: Ci' -ao=l, 

Cl'— a2~ao~0, 



C2=C3= + 62 + 1 = 7(ei + 1 ) / /i + 1 ^ 0. 1 2436, 
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(3) ^2{z} 



Cl— (ao+ai+a2)/C3 = 0.30358, 
C4=b2-l=l/fi-l = 0.12939, 
Ca=Cb=1. 



-h C 2 Z -h 1 




+ {^ 2 ! fi)^ + 1 



Q 2 



_ (aj +^2 y 



2 a, 



4.33 =>High-Q 



The SCF is shown on P.14-23. 

The component values are: 

Cj"= a2 = /j = 0.96845 C/= {a^ -Uq)/ b2C^ = 0, 



C 2 =C3 = V(l + ^ +^2)/^2 =V/2 +^2 +1 =0.13795, 



Ci=(ao+ai+a2)/b2C3=(2+C2)f2/C3 = 0.58645, 

C4=( 1 - l/b2)/C3=( 1 -f2)/C3 = 0.22873 . 

(4)Overall SCF 

* Ho (low-pass linear section) is placed first 

=>High- frequency out-of-band signals and input noise can be attenuated. 
The antialiasing filter preceding the SCF has a lower requirement. 

* H 2 (high-Q section) is placed to the center=>good signal-to-noise ratio 




SECTION 3 (LOW Q) 
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4. Scaling 

1) Vpi=occurs at dc where Ho(1)—Cs/Cd— 21.345 

( 1 ) We want an overall passband gain of 1 . =>Ho( 1 )^- 1 

=> Cd=Cs= 2 , Ce= 19.345, Ci"20.672, € 2 = 12.518 
(Multiplying all capacitors connected or switched to the output node 
of op-amp Ai by 21.345) 

( 2 ) All capacitors at the input node of Ai should be scaled so that the 

smallest equals 1. (O.K.) 

2) Vp 2 (peak output voltage of op-amp A 2 ) occurs around fp2=1.10kHz 

(1) Vp 2 = 177.05 for V,„=l 

Reducing Vpi/Vin to 1 

=>Ca and C 3 are multiplied by 177.05=> Ca= 177.05, €3 = 24.424. 

(2) Vp 3 = 180.80 at 1.07kHz 

=>Cb,C 2 , and C 4 are multiplied by 180.80 =>Cb= 180.80, €2 = 24.941, 

€4 = 41 . 354 . 

(3) Minimize total capacitance=>Ci, C 2 , C 4 , and Ca at the input 

node of op-amp A 2 are scaled to make Ci=l 
=>Ci=l, € 2 = 1.9926, €4 = 3.3036, €a= 14.144 

(4) Similarly, €i"=l, €3= 1.1815, €b= 8.7466. (The input of A3) 

3) Vp 4 = 503.57 and Vp 5 = 230.14 

Thought the same procedures, we have 

^ = 17.666,Q =7.7286 
Q =1.9926,Q =1 
Q =2.1116,^ = 2 

C" = 6.3085 

5 Final Design 

€min is chosen as 0.5pF => €=1 

op amp: gain 70dB bandwidth 3 MHz 

passband sensitivity to capacitance variation = 0.2dB/l% 

§14-12.2 Bilinear Ladder SC F Design 

1 . The same filter specification. 

Elliptic ladder filter is chosen(fifth-order). 

The result is 
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v,„ 




1 1 1 1 



^2 C, 



C 4 c. 




Normalized component values: 

Rs=Rl=1 Ci=0.85535 C2=0.15367 L2=1.20763 
€ 3 = 1 . 48438 C4=0.46265 L4=0.89794 C5=0.63702 

Wap=l rad/s 

2. Frequency prewarping and denormalization 



2 CO T jrf 

C 0 ap= — tan— ^ = 2 / tan — - 
^ T 2 ^ X 



6291 A661 rad Is 



Multiplying each resistor by zq, each inductor by Lo=zo/cOap, and 



each capacitor by Cq= 




a)ap- 



Usually choose zo=real source and termination resistance 



50Q 

lOOQ 

600Q 



Here, Cq= 1 is chosen => zq= and Lq= — ^ 

CO oa 

ap ap 

We have the denormalized element values as: 

Ci=0.85535, C2=0.15367, L2=1.20763xLo=3.05090xl0■^ 
C3=1.48438, C4=0.46265, L4=0.89794xLo=2.26851xl0■^ 
C5=0.63702, Rs=Rl=zo=1.58945x10'^ 



3. SC realization 

Using the exact design technique of SC ladder filter (Section 14-10), 
the state equations are 

-v.=- -K)-C+ sC, V,), 

sC^ R, 

-h=-(-L-sc„jo/t-Vi), 

SL2 

V3=Ari-h -sC', r, -sC,T, +/,), 

sC\ 
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l4=( — — XU3 - F5 ), The signal flow diagram is: 

sL^ 
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4. Scaling 
Vin=lV, we have: 

Ac Ca,C 2 ,C 2 i, and C 02 
multiplied by Vpi 
A 2 : C 3 ,Coi, and C 03 
multiplied by Vp 2 



Vpi- 0.92 V, 
Vp2 = 34V, 
Vp3 = 0.764V, 
Vp4= 28.86V, 
Vp5 = 0.5V, 



Ci=l. 00000 
C2=l. 83854 
C3=2.00000 
Ca= 13. 87171 
Coi=1.77112 
Co2=l. 20275 
Co3=l. 00000 
Co4=l. 00000 
Cb=11. 11901 
Ce=14.46156 

13.87171 



Co5=l. 14172 
Co6=l. 52861 
Co7=2.02212 
Co8=l. 00000 
Ce=8.27441 
Cd=14.43078 
Cl=1. 00000 
C4i= 2.09575 
C42=5. 67396 
C2i=l. 29480 
C22=l. 90667 



for dynamic range scaling 14.4 oido U 21 

/ C22=1.906i 

minimum-capacitance scaling: ^=13.87171 

5. Final design 

Cmin , OP amp: 70dB 3 MHz 

=>Passband ripple: 0.06dB minimum stopband loss^ 39.5<i5 
Maximum sensitivity: 0.05J^^ 

§14-12.3 LDI Ladder SCF Design 

1 . LCR prototype circuit 

Fifth-order elliptic LC ladder filter with the same lowpass specifications. 

2. Frequency prewarping and denormalization 
cOap = ®p (for simplieity) 



Zq—1^ Cq“ 

/ 


1 / F T ^ 

/(27i10^) ’ (27110^) 


H 


The denormalized element values: 

Rs=10, 


State equations: 

-Vi- ( ' 


Ci=136.13318pF, 


C4=73.633034pF, 


5'(Cj + Cj ) Rs 


C2=24.45734pF, 


L4=142.91159pH, 


V -V 

T — ^3 ^1 

-t2 , 

SL 2 


L2=192.20028pH, 


C5=101.38488pH, 


C3=23 6.2464 IpF, 


Rl~ 1 0 . 


V3= ^ ( I 2 

s{C2+C2+C,y 

u , 

sL^ 

-V5= ‘ (/,+^C.E 

■^( 6^4 f 5 ) 
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3.SCF design 

The flow diagram is shown on P.14-? whereas the active-RC 
circuit is given on R14-?. 

The SCF is shown on P.14-? where T=20|is is chosen and the component values 
are 

Ci+C2=160.59|iF, C2+C3+C4=334.34|iF, 

Cs=— =20|iF, C4+C5=175.018 |iF, 

R 



C=-=20|iF, Cl=— 

1 Rl 

4. Scaling 

Dynamic range scaling with Vp, listed: 
followed by minimum-capacitance scaling 



=20pf 

for Ai:Vpi=0.927 V at 1.182kHz. 
forA2:Vp2=1.198 Vat 1.121 kHz. 
for A3:Vp3=0.857V at 1.061 kHz. 
for A4:Vp4=1.105 Vat 1.061 kHz. 
for AgiVps^O.SOl V at 967 kHz. 



Element values: 
Ci=8.03214, 


C3=12.97271, 


ClA=l, 


C3A=1. 08390, 


Cib=1.07930, 


C3B=1, 


Cic=l. 29263, 


C3c=l. 02540, 


CiD=l. 13212, 


C3D=1. 66885, 


C2=13.42236, 


C4=15.76379, 


C2A=1. 08053, 


C4a=1.71203, 


C2B=1, 


C4B~l5 


5. Final design 


C5=8.75121, 

C5a=2.20614, 

C5B=l, 

C5c=6.29664. 



Cmin Passband ripple: 0.095dB>0.044dB 
Minimum stopband loss: 40.5dB 
OP amp: 70dB, 3MHz 



SCF: 




Maximum passband sensitivity: O.OSdB/Vo 
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§14-13 Nonideal Effects in Switched-Capacitor Filters 

1 . Switch Turn-On Resistance 

The turn-On resistance of a MOSFET can be written as 



uc w 




* Nonlinear behavior 



The Ron effect on the simple SC integrator: 

C2 
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Error: 



Usually £<0.1%(cap. ratio error) is acceptable. 



.>:^=RCif,< ^ ^ 0.05 

T 2 In 20000 



or RCi<i^(=^) 

20 20/c 

fc=500KHz, Ci=5pF R< 2QKQ. ; fc=100MHz, Ci=2pF, R< 250Q ? 

O) 

32 

?8 

24 

20 

16 

12 

a 

4 

0 

(-5V ) (Signal Voltage) (+5V ) 

FIGURE 7.4. Variations in the smail-signa] ON resistance of several commonly used switch types 
vs changes in the voltage level (from Ref. 6. C 1983 IEEE). 




2. Clock Feedthrough Noise 

* All switches directly connected to the integrating node 



generate clock feedthrough noises. 





* All clock feedthrough noises are proportional to the sampling 
frequency. They may have a dc component. 

* As soon as the clock feedthrough error voltage does not 
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saturate the OP AMP, it can be eliminated at the 
output by reconstruction filters(LPF). 

* The dc component cause offset voltage problems. 



3. Junction Leakage 

* Worst-case (100°C or 125°C) leakage at the integrating node: 
~10 nA/mil 5pmx5|im junction => 400 pA leakage 

* fs,max is about 25KHz in this case to avoid significant errors. 

* The leakage cause dc offset voltages. 



4. DC offset Voltage of the OP AMP 







-o Vout 

* v„„,=(i+U)v„ff 

^2 

* Integrator-based design may have a dc offset 
problem if no other negative feedback paths 
exist. 

* Too-low-frequency operation is not good. 

C2 



5. Finite Gain of the OP AMP. 
V™,(nT)=V,,(nT)- -i- V™,(nT) 

C 2 [Ve 2 (nT)-Ve 2 (nT-T)] 

+C,[Vi,(nT)+Lv™,(nT)]=0 




=>H(z)=UY) = -(C./V)[l + (l + C./C)/.4J-'z 

VM z-(l+ 1/ )/[l + (l + C,/C,)/zl„] 

/ 
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1 + ( K )(1 + Q / 2C, ) - j{C, /C,)/2A, tan{coT/2) 



H.(z)= 



-(C./C,) 
z - 1 



F(co)= 



1 - m(<y) + jQ (co) 



F(co) 

1 r C /C 

m(o))= -—(1 + -^) 0(o))= ^ ^ 

Ao 2C/ 2Ajan{(DTI2) 



CJC, 



A coT 

I I 1 1 

\F(oji)\ = , = = 1+m ► relative magnitude error 

' ' ^{l-my+Q^ 

0<<1 

-0 

ZF(a))— tan'^ 1 - m - =9 ^ relative phase error 



m«l 



0«1 



coT«l , Ao >1000 , C 1 /C 2 normal value. 



AoCoT»l 

1 fs 

(o» = — 

AT A 

o o 

=> m and 0 are very small. 
But for co<2/AoT , 0 is large. 



Ao>1000=>0.1% 



Ao>100=>l% 



<0.1% 



6. Finite Bandwidth of the OP AMP. 



A(s)= 



\!A ^SIcD 



single-pole response 



Similarly 



m(co)=-e‘^^ [ 1 -KcoscoT] 



C 

k- ^ 

Cl +C2 



0(co)=-e-'^^Ksina)T 



kUKwoT/2 



If a)oT/2=7ra)o/a)c »1 => m^0, 0^0. 

** o)o= 5cOc is adequate. 

* The unity-gain bandwidth cOo of the OP AMP should be 
(at least) five times as large as the clock frequency cOc. 
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(Do VS COc: 

(1) Given cOo, cOc should be chosen low enough so that the OP AMPs have 
enough time to settle. 

But COc should not be too low, or the noise aliasing effect becomes serious 
the antialiasing and smoothing filters must be too selective and too 
complex. 

(2) Given cOc, cOo should be just high enough to assure that the stage can settle 
within each clock phase. Any higher value worsens unnecessarily the 
noise aliasing effect, and raises the dc power and chip area requirements 
of the op-amps. 

(3) Ao=1000 (60dB), fo=10MHz, fpi=10KHz 

choose fc=2MHz, and f<40 KHz 

Typically f/fc = 48 i.e. cOoT = ^ 



7. Finite Slew Rate of the OP AMP 

* The output voltage of the OP AMP must be settled down with the clock 
active duration. 

flew”^ i settle^T2 

* May cause nonlinear distortion. 



8. Nonzero OP AMP Output Resistance 



2Ro( 



Q+G 






C 2 : feedback cap ; Cidnput cap; Cl: load cap. 



9. Overall considerations: 

For an integrator settling error of 0.1% or less, 
we must have 

Ao>5000 
COo/oOc > 4 
T/R«„Ci>40 



10. Noise Generated in SC Circuits 

(1) Clock feedthrough noise 

(2) Noise coupled directly or capacitive from the power, clock, 

ground lines, and from the substrate. 
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(3) Thermal and flicker noise generated in the switches and op-amps. 
Thermal and flicker ( ^) noise: 

* Internal sampling and holding=>If ^ noise has no 
aliasing=>It can be eliminated. 

* Thermal noise will be sampled and held with the OP AMP as 
a frequency limiting element.=> 0)o»C0c is not suitable. 

* The circuit noise | if the circuit cap. | 
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CH 15. Continuous-Time Filters in CMOS 

§15-1 Categories of continuous-time filter ICs 



Amplifier Types 


■ 


Continuous-Time Filter Types 


Voltage OP AMP Ay 


0 


(Voltage-mode) Active RC filters 


Current OP AMP Aj 


A 


(Current-mode) Active RC filters 


Finite-gain voltage amp 


A 


(Voltage-mode) Active RC filters 


Finite-gain current amp. 


D 


(Current-mode) Active RC filters 


Infinite-gain Operational Transconductance 
Amp. (OTA) 


■ 


X 


Finite-gain OTA or gm amplifier 


0 


(Voltage-mode) Gm-C filters 


Infinite-gain Operational Transimpedance 
Amp. Rm 


■ 


X 


Finite-gain Transimpedance Amp. or Rm 
amplifier 


A 


(Current-mode) Rm-C filters 


Mixed Gm and Rm Amplifiers 




? 


Mixed Ay, Ai, Gm, and Rm Amplifiers 




? 


RF amplifier 


A 


Integrated FC filters 



O : well developed 

A : less developed but with great potential 
• : much less developed 

X : not explored 
? : to be developed with potential 

Common characteristics of continuous-time filters: 

1. Not parasitic free 

=>Greater tolerance in performance. 

2. No switches or clocks 

=>Lower noise (clock-induced) or simpler circuit. 

3. Need tuning to accommodate the process variations on 
filter characteristics if high accuracy is required. 

=>Extra overhead and higher cost. 

=>Might not be needed if process-independent design 
is used and reasonable tolerance is allowed. 
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4. Could achieve higher-frequency operation in the VHP 
or UHF range if finite-gain amplifiers are used. 

5. Could achieve GHz operation if deep submicron CMOS 
is used. 

§15-2 Gm-C or OTA-C (Operational-Transconductance-Amplifier-C) 
Filters 



§15-2.1 Transconductor or OTA characteristics 



Ideal characteristics: 

gm~hlABC or h'VABC 
Io=gm(V"-V) 

00 , Rq — 0 

h(h') is a constant. 



amp or OTA symbol 




Nonideal charaeteristics: 

gm is not linearly proportional 
to Iabc or Vabc- 
R, and Rq are finite. 



§15-2.2 Basic OTA building blocks 




gm(v.-Y) 

Ro=0 



ideal equivalent circuit 




Ref: IEEE Circuits and Device Magazine, pp. 20-32, March 1985. 
I. Voltage amplifiers Gm or op amp + resistors. 




Vo/Vi= - gmRL 
Zo=RL 



Vo/Vi= gmRL 
Zo=RL 



(a) Basic inverting 



(b) Basic noninverting 




(e) Buffered amulifier 



(f) Buffered VC VC feedback 




(g) All OTA amplifiers 








2. Controlled impedance elements 
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(a) Single-ended voltage 
variable resistor (VVR) 



(b) Floating VVR 





(f) Impedance multiplier 
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(f) Super inductor 




(f) FDNR 



(d) Variable Impedance Inverter (VIC) or Gyrator 

* Zl is a capacitor=> Zi„ is a inductor=>active inductor. 

* Can be used in voltage-controlled oscillator (VCO) 

(h) FDNR (Frequency Dependent Negative Resistance) 
S=jC0 Zin(jO))=- — 

CO 

* Gyrator +super inductor. 

3. Integrators Gm or OTA + R or C 




(b) Lossy 



(a) Simple 
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(b) Adjustable 



§15-2,3 Gm-C or OTA-C filters (first-order) 

(a) First-order lowpass voltage-controlled filter, fixed dc gain, pole adjustable 




1/RC 

(c ) Highpass, fixed high-frequency gain, adjustable pole 




9./C 



Od 
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(d) Shelving equalizer, fixed high-frequency gain, fixed pole, adjustable zero 

Rjsc + gJ 
sRC + l 



~ 1/RC ^ 

(e) Shelving equalizer, fixed high-frequency gain, fixed zero, adjustable pole 






(g) Shelving equalizer, independently adjustable pole and zero 




sC + 
sC + g„2 



60 
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(h) Lowpass or highpass filter, adjustable zero and pole, fixed ratio or 
independent adjustment 
C 

I II gm/(gm1+9m2) V V \ . f 

y. \\V 

n I pv. nr^ C 2 /(C^+C 2 ) y \ \ — 

► 

9m2 “ ■=■ gmy(gml'''gm2) ^ ^ 

JZU>^ 

C2/(C^+C2) -y . 

gm/(gm1+gm2) / / / 



^ ^(C, + C 2 ) + g„,+g„ 




(i) Phase shifter, adjustable with g„ 

1 



gml/(gm1+gm2) < C2/(C,+C2) 



H(s)=^ = 

V, sC + g^,g^^R 





9m1 






r 




fl 


# 

s 


ym2 



Vo 180 ° 



gmlR-l 



90 ° : 

0° 



9ml/C 



§15-2.4 Second-order Gm-Cor OTA-C filters 




s^c,c,+sc,g„+g„g„ 




15-9 

CHUNG- YU WU 



Transfer functions for the biquadratic structure (a) 



Circuit Type Input Conditions Transfer Function 



(Do Adjustable Vi^Va 

Lowpass Vb and Vc Grounded 



(Do Q (fixed) 



(Do Adjustable Vi^Vb ^ 

Bandpass Va and Vc Grounded + SC^g^^ + g„^g^2 



(Do Adjustable Vi=Vc g„ 

Highpass Va and Vb Grounded + SC^g^^ + 



cOo Adjustable Vi=Va=Vc s^C^C2 +g^ig^2 

Notch Vb Grounded + Sqg^^ + 






— I o ffllo m2 ^ I 2 oa 

° II CA ’ 



* Can implement lowpass, bandpass, highpass, and notch. 

* If gm3 is fixed and gmi=gm2=gm is adjusted, the poles can be moved in a 
constant-Q manner. 

* If gm3 is adjusted with gmi and gm2 fixed, the pole movement in a constant-coo 
manner. 






_ S^QC2K+SQg^2K+g.2g.r. 

S^CCi + Sg^.C, + g^ig„2 
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* (Do can be adjusted linearly with gmi=gm 2 =gm and constant 
=> constant-bandwidth movement. 

* If gmi, gm 2 , and gm 3 are adjusted simultaneously, constant-Q pole movement. 

* Interchanging "+" and terminals of gmi and gm 2 and setting Va^Vb^Vc^Vi, 
and making gmi=gm 2 =gm 3 =gm 2“‘^-order gm adjustable phase equalizer. 




* The adjustment of the bandpass version with gmi=gm 2 =gm will result in a 
constant bandwidth, constant gain response. 



(e) Elliptic biquadratic filter 




* Can be applied to the realization of high-order voltage-controlled elliptic 

filters. 

=>Cascading these second-order blocks with interstage unity-gain buffers. 

All gm's are made equal and adjusted simultaneously. 

* The voltage-controlled amplifier of Fig. (g) on p.15-3 can be 

inserted between x and x'. The transconductance gain of the two OTAs in the 
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amplifier can be used as the control variable to adjust the ratio of the zero 
location to pole location. 

(g) General biquadratic structure 




S^C^Ci + SC^g^^ + g„2§ml 



* when V,=Va=Vb=Vc, the cOo and Q for the poles and zeros can be adjusted by 
gm's to any desired value. 



§15-2.5 Fully Differential Gm-C or OTA-C Filters 

1 . General first-order filter 





2. General biquadratic filter 
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H(S)^ 




kX+k.s + k 
2 1 ^ 

+{^)S + co " 

Q 




Design equations: Cx=Cb ( — —) where 0< <1 

1-^2 

Gml COoCa 
Gm2~0)o(CB+Cx) 

_co^{Cj^+C^) 

G„3 ^ 

Gm4~ (K,Ca)/cOo 

G„,5=Ki(Cb+Cx) 
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§15-3 CMOS Transconductor or OTA 



1. CMOS transconductor using triode transistor 




* Gm can be adjusted by Vgs9 and scaled by the current 
mirrors Q3/Q7 and QVQs- 

* Qs/Qe are feedback devices to set the drain voltages 
of Q1/Q2. 

2. CMOS transconductor using varying bias-triode transistors. 




* Q3 and Q4 are in the triode region. 

^ where rds3=rds4=— 7^7^ — 
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3. CMOS differential-pair transconductor with floating voltage supply. 

Conceptual circuit: 



ioi 'D2 




('di-'d 2) = 4K,qV,(V,-V2) 



Real circuit: 
'di 



'd 2 




(iDi-iD2)=4VF7;(r,-r,) 

G„=4/^ 

* 30-50 dB linearity. 



4. CMOS bias-offset cross-coupled transconductor. 




V2 



(il-i2)=2KVB(Vi-V2) 
G„,=2KVb 
*30-50dB linearity 
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§15-4 Design Example of Gm-C or OTA-C Filters 

Ref.: 1. IEEE Trans. Circuits and Systems, pp. 1132-1138, Nov. 1986 
2. IEEE JSSC, pp.987-996, Aug. 1988 
1. CMOS linear transconductance amplifier (CMOS inverter-based 
complementary differential-pair transconductor) 




2. Gm-C biquad (general) 



gm— 2keff (VGI+IC34I -EVt) 

E V T= V Tn 1 + V Tn3+ 1 E 7 .P 2 I + I Erp 4 



keff- 






1 w 



Tunable gm amplifier symbol: 





- C.gfSN,, + + gfN,, + + g^,gJN, 

m^S niQ ~ S m)5 S m 



Nb?: 0^ Vl— Vh— 0 

Nh?: 0, Vl^Vb^O 

Nlp: Vl^O,Vh=Vb=0 
Nbr: Vl=Vh=Vbr, Vb=0 
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Experimental results on BP filter: 




Fig. 10. Passband detail of the filter pcrfonnance at 0“C (lower trace) 
and at 65°C. 

Center frequency 4MHz 
TABLE I 

Experimental Filter Data 



Control 


Automatic 


Manual 


Passband ripple 


1 dB 


0.5 dB 


Stopband attenuation 


>60 dB 


Bandwidth 


800 KHz 


S/N in passband 


^40dB 


75dB 


Distortion (for 0.5Vpp) 


0.5% 


Max. signal level 


1.2 Vpp 


Frequency control range 


1 MHz 


1.5 MHz 


Q-control range 


40% 


unlimited 


Offset (reference inverter) 


ImV @ Gain « 50 



§15-5 MOSFET-C Filters 

* MOSFET-C filters are slower than Gm-C filters 

Miller integration. 

* Smaller speed 

’.'The load of op amps is resistive 

* Straightforward design methodology 





1. Two-transistor integrators. 
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(a) Active-RC integrator (b) Two-transistor MOSFET-C integrator 

^1 = ~ ^n\ ^2 = ^p2 ~ ^«2 



T7- T7- T7- ^ no ^ po ^p\ U 2 ^ (Cl ^ u2^ 

* diff = * po" * no~ ~ 



SRC SRC ^ 



2. General biquadratic MOSFET-C filter 
Active-RC circuit: 





MOSFET-C biquadratic filter: 
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H(S) 



(-C)s’+A)s+^ 

_ VA^) c,’ Y/ c,c, 

K(s) 



S»+(Cl)5 + U^ 
G/ C.C 



A^B 



3. Four- transistor integrators 

V diff = V po" V no 

^ -(F.-F.)+^— (F -F.) 

\ pi my \ m pi / 






where rnsr 






1 



rDS2‘ 



vyj),(K,-K-K) 

1 

vJj)2(K2-K-K) 



V 



Cl 



All four transistors are matched 
1 



=>V, 



difr 






<V^2-VJ 




Vr 

V. 



1 



kCoAy)(Ki-K2) 



where v^s 




CH 16. Oversampling Data Converters 

§16-1 Fundamental Concept 
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§16-1.1 Oversampling without noise shaping 

1 . Quantization noise modeling 



x(n) 

C) ^ 



Quantizer 



y(n) 

-S' O 



x(n) 



e(n) 









y(nl 



e(n) = y(n) - x(n) 

e(n) can be approximated as an independent random variable uniformly 
distributed between where A is the difference between two adjacent 
quantization levels, i.e. Vlsb- 



A' 



* The quantization noise power 

* The quantization noise power is independent of the sampling frequency fg. 

f 

* The spectral density of e(n), Se(f) is white and all its power is within ± . 

[| V(/)# = li = V V. = 



12 



=>K,=(-U) _L 

^ if. 



2. Oversampling Advantage 






Height K 






zA 

2 



0 



A 

2 





/ 


' Hf)\ 

1 


^ 








1 ' 

-A _f f A I 

2 0 0 2 




Oversampling ratio OSR= 



2 /„ 
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Assume that the input signal is a sinusoidal wave between 0 and A2^^. 

The signal power Pg is 

A2^ 

^ SV2^ 8 



With H(f), Ps remains the same since the signal's frequency content is below fo, 
but the quantization noise power Pg becomes 



p.qi V(/>y(/)f # = !»/ = f ^ 



OSR tx2 => 




or -3dB, or 0.5 bits 



SNR,.„=101og( A) = 101og(|2“) + lOlog(OSff) 

e 

=6.02N+1.76+101og(OSR) 

=>SNR enhancement obtained from oversampling: lOlog(OSR). 
SNR improvement of 3 dB/octave or 0.5 bits/octave 



3. The advantage of 1-bit D/A converter 

* Oversampling improves the SNR, but it does not improve linearity. 

* Theoretically, 1-bit converter with fo=25 KHz can obtain a 96-dB SNR(16 bits) 
if the sampling frequency fg=54,000 GHz! 

* The advantage of a 1-bit DAC is that it is inherently linear. 




§16-1.2 Oversampling with noise shaping 

1 . The system architecture of a AS oversampling ADC is shown in the next page 




Oversampling Delta- Sigma Analog-to-Digital Converters: 
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Two independent inputs: U(z) and E(z) 

Signal Noise 

Signal transfer function Stf(z) = 

U(z) \ + H(z) 

Noise transfer function Ntf(z) = — 

E(z) \ + H(z) 

=>Y(z)=Stf(z)U(z)+Ntf(z)E(z) 

If |//(z)| ^ 00 for 0<f<fo => \Sj.p (z)| ^ 1 and \Nj,p (z)| ^ 0 

=> Quantization noise i and signal unchanged. 



3. First-order noise shaping: 















.2ry2N p -i T 

SNR^ax=10 log(^) = 101og(^2^^) + 101og[4((9^R)^] 
o P 2 TV 

e 

=> SNR„iax=6.02N+l. 76-5. 17+30 log(OSR) 

Double OSR => SNRmax by 9dB or 1.5bits/octave 

Without noise shaping: SNRmax by 3dB/ octave or O.Sbits/ octave. 



Y=Z'^U+E(1-Z-^) 
Block diagram: 






sc implementation: 
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Stf(Z)=Z'^ Ntf(ZH1-Z'V Y=Z-^U+(1-Z'^)^E 



|Ar,,(/)| = [2sin(^)]= 

J s 



T. / 1 ^5 

=> Pe= ( ) 

60 OSR 



SNR„„=101og(^) = 101og(|2") + 101og(4^) + 101og(O5fl)= 

F 2 71 



=6.02N+1.76-12.9+501og(OSR) 



OSRx2 => SNRmaxI^ by 15dB/Octave or 2.5 bits/Octave 

General formula of SNRmax with k-order noise shaping: 
SNR„iax=6.02N+1.76- 101og(^^^) + {2k + 1) lOlog(OSR) 

71 

OSRx2=> SNR„iaxtby 3(2k+l)dB/Octave or O.5(2k+I)bits/Octave 



Noise-shaping transfer functions: 




The SC implementation of the second-order AS modulator is shown in the next page. 

* Single-ended structure 

* Can be converted into fully differential structure for better noise rejection and 
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linearity. 

* The capacitor and switches in the feedback path to OP 2 can be reduced as 
shown on page 16-5. 

SC implementation: Single-Ended type circuit diagram 




'Comparator as quantizer of! -FifTlDC 
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§16-2 System Architecture of Oversampling AE ADC 





* The decimation process does not result in any loss of information, since the 
bandwidth of the original signal was assumed to be fo. The spectral information is 

spread over 0~— in Xgp and 0~7i in Xg. 

6 
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§16-3 System Architecture of Oversampling AZDAC 



1 . Architecture 









§16-4 High-Order Modulators 
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Multi-stAge noise SHaping (MASH) architecture: 

To use a cascade-type structure where the overall higher-order modulator is 
constructed using lower-order ones. 

=> The stability could be maintained. 




Y =uz ^ - Q (1 - z 

§1 6-5 Design Considerations 

§16-5.1 Limitations on accuracy and linearity 

A. Noise 

• Thermal noise in resistors, conducing switches, op-amps. Usually aliased 
by sampling 

• 1/f op-amp noise, dc offset 

• Supply, ground and substrate noise 

• clock feedthrough noise 

• clock jitter noise 

• quantization noise leakage 
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B. Nonlinear effects 

• R&C nonlinearities 

• Amplifier nonlinearities 

• Finite op-amp slew rate 

• Signal-dependent clock feedthrough noise 

• Signal-dependent sampling aperture noise 

• Internal A/D and D/A nonlinearities 



Linearity of 1 -bit DAC: 

1 . The two output levels somehow become functions of the low-frequency 
signals=> Linearity limitation 

• Power supply voltage are changed for different low-frequency signals to 
cause distortion. 

=> must be well-regulated. 

• The clock feedthrough of the input switches is also dependent on the gate 
voltage and thus the supply voltage. 

=> low-frequency input signal dependent 

• The clock jitter could be a function of the low-frequency input signals. 



2. The memory between output levels also causes severe linearity limitation. 



V2 



VI 



Typical 



Ideal 




A+5i A 



A+5i A+52 A+5 i 



Binary 
Area for 
symbol 

5i, 82: The area difference of the present binary state with different past states. 
-1^1: 5i 1^-1: 52 



Average 0 : 1, -1,1, -1,- 









Average \ : 1, 1, -1, 1, -1, 1— 

3 j j 

Average-^ : -1,-1, 1,-1, -1, 1,-1— = 






3 



3 
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Ideal case: 5i=52=0, practical case: 5 j j ^ 0 
=>Three averages do not lie on a straight line=>Nonlinear. 



How to improve this nonlinearity? 

1. 51 =-52 : To match falling and rising signals => Very difficult to achieve. 

2. The use of memoryless coding scheme, i.e. retum-to-zero (RTZ) coding 
scheme. 



Typical 




Binary 
Area for 
symbol 



1 



A. 



1 



A 



-1 

Ao 



-1 

Ao 



1 



A, 



-1 

Ao 



1 



A. 



1 : -1^1 and 1^1 
-1 :-l^-l 
=> Better linearity. 



Every 1 has the same area. 
Every -1 has the same area. 



3. Basically, SCF or SC circuits are memoryless if enough time is left for settling 
on each clock phase. 



Idle tones phenomena 
1-bit DAC 

dc level ^=> y(n)={l, 1, -1, 1, 1, -1 } 



periodic pattern with the power concentrated at dc and 
After low-pass filter=> only dc level remains. 



L 



3 



dc level y + = y(nMl, 1, -1, 1, 1, -1, 1, 1, -1, 1, 1, -1, 1, 1, 1, -1, 1, 1, -1, 

3 24 o 



1 , 



•} 
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periodic pattern with 16 cycles and some power at dc and ^ . 

=> lowpass filter 

3 f 

=> dc level - and ^ tone 
8 16 

(■.'fo=^ is assumed and lowpass filter will not attenuate fs/16 signal) 

16 

=> Low-frequency tones cannot be filtered out by the lowpass filter and can lead 
to annoying tones in the audible range. They exist even in high-order modulators. 
There tones might be a signal varying over some frequency range in a random-like 
fashion. 

Dithering technique to reduce idle tones. 

• To add the dithering signal to the modulator just before its quantizer. 

• The dithering signal has a white-noise type spectrum and is a random 
(psuedo-random) signal. 

• The dithering signal breaks up the tones so that they never occur. 

• Add about 3-dB extra in-band noise 

• Require rechecking the modulator's stability. 

§16-6 Advantages and Applications 

Advantages of Delta-Sigma Converters: 

• Low-Complexity Analog, High-Complexity Digital 

• High-Resolution Conversion 

• Low-Precision Analog (no trimming) 

• Simple Anti-Aliasing Filters 

• No Sample & Hold Needed 

• Can be Built Completely In CMOS 

• Overall Small Chip Area in Fine-Line Technology 

• Can be Integrated on Chip With Other DSP Functions 

• Ideally Suit for Rates up to and Including Audio Band 

Commercial Applications Well-Suited for Delta-Sigma ADC 

• Standard Voice Band Telephony 

13 -bit dynamic range, 8-bit linearity (u/A-Law), 8KHz Sampling rate 

• Digital Mobile Radio (same req. as above) 
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• High-Precision Voice-Band (CCITT V.32 9600-Baud Modems) 

14-15 bit dynamic range, 12-bit linearity, 3 -4kHz BW, 9600 Sampling rate 

• ISDN Wideband Speech (CCITT G.722) 

13 -bit dynamic range, 16kHz Sampling rate 

• ISDN U-Interface 

13 -bit dynamic range, 80kHz Sampling rate, 160kb/s Transmission Rate 

• Audio-Band (CD, DAT; stereo (2)) 

16-18-bit (18-20 bit) resolution, 14-16 bit)(15-16bit) linearity, 48kHz 
Sampling Rate 

• 5 1/2 Instrumentation A/D Converter 

20 bit resolution, O.l-lOHz BW with Self-Calibration Circuit 

• Integration with Digital Signal Processors 

• Ideally Suited for Rates up to and Including Audio Band 

A variety of applications from voice-band through audio-band 

§1 6- 7 Examples 



2"‘^-order AS modulator implemented by fully differential SC circuit. 

Delta-Sigma ADC (Second order_1 ) 
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Testing Environment: 



Digital-to-Analog Converter 



Precision 

Function 

Generator 




*Develop design-for-testability ADC and environment 



The measured SNR versus input signal level. 



SNR 




CH 17 Phase-Locked Loops (PLLs) 

§1 7-1 General architecture and Operational Principle 
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1 . Applications of PLLs: 1 . Clock recovery in eommunication and digital systems. 

2. Frequency synthesizer used in televisions or wireless 
eommunieation systems to select different ehannels. 

3. Demodulation of FM signals. 



2. Basic PLL architecture: Low-pass 




Voltage-Controlled Oseillator 



If the phase detector is of analog-multiplier type, its output voltage Vpd can be written 
as 

Vpd=KMVinVosc=KM Fin EoscSin(o)t)cos(a)t-(^d) 

where (])d is the phase differenee between the input 
signal Vin and the output Vosc of the VCO. 

E E 

Vpd^KM [sin(^^ ) + sin(2<z>i - (j )^ )] 

Sinee the lowpass filter is to remove the high-frequeney (2oo) term, the signal Vcnti is 
given by 

VcntrKipKM sin(^d 

= KipKm (^d=KipKpd(^d where Kpd = 

The frequency of VCO can be expressed as 

®osc KoscV cn ti+COfr 

where cofr is the free-running frequency of the VCO with its eontrol voltage Vcnti^O. 










17-2 

CHUNG- YU WU 

where cOin is the frequency of the input signal, which is equal to the 
frequency of VCO output when the PLL is in the locked state. 



=> 



V 

cntl 

K,K , 

IP pd 



CO -CO, 

in / r 

IP pd osc 



3. Linearized small-signal analysis 

When a PLL is in lock, its dynamic response to input-signal phase and frequency 
changes can be well approximated by a linear model, as long as these changes are 
slow and small about their operating point. 

A signal-flow graph for the linearized small- signal model of a PLL when in lock: 




V cntl(s) KpdKlpHlp(s) [(t^in(s)”(t)osc(s)] 

<|)osc(s)=K.,e(Ve,.„(s)/s) (' P = 

at s 

. KJO SK^K„H,As) 

Us) S + K^„K„K,,^HU) 

* General transfer function applicable to almost every PLL. 

* Different PLLs => Different Hip(s), Kpd, Kosc- 
If a lead-lag lowpass filter is used in Hip(s), we have 

, \ + ST^ 

Hip(s)=- ^ Tz«Tp 

1 -I- 5T 

P 



=>H(s)^ 



V.nAs) 



K 



l + S{ 



K X, K 

pd Ip osc 



iS(l + ST^) 



+ L) + 



S^T 



K X, K 

pd Ip osc 



* H(s)=0 as s^O => A(|)in=0 leads to AVcnti^O 
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KM 



K 



-S(\ + stJ 



i + S( ^ + o + 

K ,,K, K K „K, K 

pa Ip osc pd Ip osc 



KM 



^ cntl 



CD (s) K 

in y o 



The above seeond-order s-domain transfer funetions have cOo and Q as 



OOn 



K ,K, K K „ 

pd Ip osc pit 






K X,K 

pd Ip osc 



+ t,JK x,k 

^ \ pd Ip osc 



K 



+ ^Z^pll 



pll 



* ^ good settling behavior 

= 0.577 ^ maximally flat group delay 
V3 

= 0.707 ^ maximally flat amplitude response 
V2 

* Usually is reeommended in PLLs 

In most eases, when (»o«®fr, we have 

1 

Tz» 



K 



pll 



=> Q = 



1 1 



T K „ CD 2 

z pll o Z 



=> Xz 



2 

t^pU (»o 



The transient time eonstant Xpn of the eomplete loop for small phase or frequeney 
ehanges ean be expressed as 



Xpll=- 



1 



CD 
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Design considerations: 1 .Choosing Kpd and ECsc based on practical considerations 

2. Choose Tp to achieve the desired loop settling time 

3. Choose Tz to obtain the desired Q of the loop 

_ K K ,K 

Iftz=0,=>Q=V?;Kpii,o()„=^=^^ (K|p=l) 

4. Capture range and acquisition time 

Capture range: The maximum difference between the input signals' frequency and 

the VCO free-running frequency where lock can eventually be 
attained. 

The capture range is on the order of the pole frequency of the 
lowpass filter. 

Acquisition time: The time required to attain lock If the initial difference between the 
input signal's frequency and the VCO frequency is moderately large, 
the acquisition time tacq is 

^ Q(co -CO 

■f- ^ ^ '' I n osc / 

Lacq = ^ 

* If a PLL is designed to have a narrow loop bandwidth cOo, tacq can be quite large and 
lock is attained too slowly. 

Solution: 1. To add a frequency detector that detect when cOin-cOosc is large. Then drive 
the loop toward lock much more quickly. When ooin-ooosc is small, the 
frequency detector and the driver are disabled. 

2. To design the lowpass filter with a programmable pole frequency oOo- 
Initial acquisition: 00o1^ speed up acquisition. 

Lock : cOo^ increase noise rejection. 

3. To sweep the VCO's frequency range during acquisition with the PLL 
disabled. When 00osc^®in, sweeping is disabled and PLL is activated. 

5. Lock range 

Lock range: Once lock is attained, the PLL remains in lock over a range as long as 
the input signal's frequency ooin changes only slowly. This range is the 
lock range, which is much larger than the capture range. 

V cntl-max K_lp K_M — ~ — ^ K_lpK-pd 

2 

^ ®lck ^ K^scK-lpK-pd 
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§1 7-2 Phase Detectors in PLLs 

Three eategories: 1. Analog phase detectors (PDs) or multipliers: 

Rely on the DC component when multiplying two sinusoidal 
waveforms of the same frequency. 

2. Sequential circuits (e.g. EXOR and Flip-Flop PDs): 

Operate on the information contained in the zero-crossings of 
the input signal to aid acquisition when the loop is out of lock. 
Also a sequential circuit actually. 

3. Phase-frequency detector: 

Provide a frequency sensitive signal to aid acquisition when the 
loop is out of lock. Also a sequential circuits actually. 

§17-2.1 Multiplier PD 

Vpd =KMEinSin(O)it+0i)EoscCOS((D2t+92) 

=Km (sin[(coi-co2)t+9i-92]+sin[(coi+co2)t+9i+02]} 

2 

At phase lock, 001=002 

Vpd= [sin(9i-02)+sin(2oot+9i+92)] 

2 

After the lowpass filter, we have 

Vpd^KipKM sin (9i-02)=KM^5:&^sin9d cc 9d if 0d is small. 

2 2 

* The multiplier PD is especially useful in applications where the reference 
frequency is too high and where the loop bandwidth is sufficiently narrow so 
that the filtering of the undesired components can be effective. 

* The loop could lock to harmonics of the input signal. 

=>False lock 

* 00 1=002 is required. 

§17-2.2 EXOR PD 
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* when A(Vin) and B(Vosc) are 90° out of phase, the output Vpd(c ) has oo=2(i)in 
and 50% duty cycle. This is a reference point. Vpd oc 0d for O°<0d<18O°. 

* False lock could occur 

* 001=002 is required. 



§17-2.3 Flip-Flop PD 



(a) A ' 

B F 


"" Q — 


-c 




T 




A 


n 1 




1 


B J 


ti 


fl 




1 

1 

1 


1 

1 

1 

1 




C % 







(c) 



Average 
value of C 




► 




* The average value of Vpd or C has the shape of a saw tooth, with a linear range 
of a full cycle. 

* At the center of the linear range of Vpd average, the most important harmonic is 
situated at the fundamental of the reference frequency as compared to the twice 
of reference frequency in the EXOR PD. 
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§1 7-2.4 Charge-pump PD 




Charge-pump phase Low-pass filter 
comparator 



1. Desirable features: 1. It does not exhibit false lock. 

2. Vin and Vosc are exactly in phase when the loops in lock. 

3. The PLL attains lock quickly even when ooin is quite different 
from oofr. 






Some typical waveforms of a charge-pump PD 
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Time 
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3. Design Considerations: 

(1) Choose Ich based on praetieal consideration like power dissipation and speed. 

(2) (»o is chosen according to the desired transient settling-time constant Xpn as 

1 

C0o= — 

(3) Cl is chosen from the equation of cOo whereas R is chosen using the equation of Q. 
The chosen Q value is slightly less than what is eventually desired. rT => QnI^ 

(4) Add C 2 to minimi z e glitches. 

C 2 => QT => chosen Q value is smaller => Exact Q. 

C2^1~— of Cl 
“8 10 



=> Hip(s) 



R 

1 + SRC 2 



+ 



1 



4. Phase/Frequency detector (PFD) 

* The most common sequential phase detector is the PFD. 

* Asynchronous sequential logic circuit. 

* 4 NOR-type RS flip-flops. 

* Can also be realized in NAND gates. 




* Basic operating principle: 

Assume the PFF is in lock with Vin leading Vosc 

Initial conditions: Pu=0, Pd=0, Pu-dsbrO, Pd-dsbi=0, Reset^O Vin=0, Vosc=0 

>4. 



inputs: 1001 
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Vin^l => Pu=l => Charge pumping starts and Vip T=> oooscl^ 

Vosc^l => Reset nor gate inputs: 0001^0000 => Reset 0^1 

=> Pu=0 and Pd=0 after one gate-delay ; Pd 0^ 1^0 
Pu-dsbi^l and Pd-dsbi^l after two gate-delays. 

=> Reset 1^0 after one gate-delay of Pu-dsbi^l and Pd-dsbi^l 
or after three gate-delays of Vosc^l- 
=> Keeping Pu=0 and Pd=0 => No eharge pumping. 

It is only when Vin 1^0 => FF3 is reset and Pu-dsbi^O 

Vosc 1^0 => FF4 is reset and Pd-dsbi^O 

* The waveforms of a PFD when Vin is at a higher frequeney than Vosc- 




®in><»osc => Pu^l => Charge pumping to inerease oOosc until loek is aehieved. 
* Transfer eharaeteristie of a eharge-pumping PFD 

(a) 

Ref 
Div 
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(b) 

Ref 

Div 



(c) 



Average 
value of C 




§1 7-3 Loop Filters and Loop Gains 



§17-3.1 First-order PLL with zero-order loop filter 

Loop gain of the feedback structure with (t)in(s) and Vcnti(s) 
Loop gain=GH(s)=Kpd Kip KoscHip(s)- 



Zero-order loop filter: Hip(s)=l 

=>GH(S)=KpjK|pK.,ei 

S 



PLL with zero-order loop filter 
=> First-order type-1 PLL 



s 




K.„0) _ 

i (s) S + K X, K 

T in y '' pa Ip osc 

\ 

close-loop transfer function 



(j>\GH(a>)\ • 

~0 

-90 



CO 




§1 7-3.4 Third-order type-2 charge-pump PLL 
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Hip(s) 



\ + ST ^ 

.(Q+C)[l + .rJ 



RzCz 

Xp=R,(C,-'+Cp-')-' 



=> GH(s) 



S\C^ + C^){\ + sT^) 



Loop filter: 




§1 7-4 Voltage-Controlled Oscillators (VCOs) 



Basic VCO specifications/requirements: 

1 . phase stability: 

The output spectrum of the VCO should approximate as good as 
possible the theoretical Dirac-impulse of a single sine wave, i.e. low 
phase noise. 

The definition of phase noise: 



noise power in a 1-Hz bandwidth at freq. co+Aca 

L{A(»}=10 log ( ^ ) units: dBc/Hz 

^ ^ ^ carrier power ^ 




2. Electrical tuning range 

The VCO must be able to cover the complete required frequency 
band of the application, including initial frequency offsets due to 
process variations. 

3. Tuning linearity 

To simplify the design of the PLL, the VCO gain should be 
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constant. 

4. Frequency pushing (MHz/V) 

The dependency of the center frequency on the power supply 
voltage. 

5. Frequency pulling 

The dependence of the center frequeney 

6. Low cost 

§17-4.1 Relaxation oscillator as VCO 

* Multivibrator-based nonlinear oscillator. 

* fosc~in the order of a few 100 MHz 

* In CMOS, phase noise value of -90dBc/Hz at 500KHz offset. 

Ref: IEEE JSSC, vol.23, pp. 1386-1393, Dec. 1988. 

§1 7-4.2 Ring oscillator as VCO 

* Tosc=2n*Td n: number of inverters; Ta: one inverter delay. 

* Tuning: varying the current of the inverters. 

* High phase noise: switching action introduces a lot of disturbances. 

* Power consumption T linearly => phase noiseN^ 

* Typical phase noise: 

-94dBc/Hz at 1 MHz offset from a 2.2GHz earrier. 

-83dBc/Hz at 100 KHz offset from a 900MHz carrier. 

* Circuit structure 

1 . Three-stage ring oscillator 



inverter 




2. Differential two-stage ring oscillator 
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3. 1 -Stage-delay ring oscillator 




* fosc MHz ~ GHz 

Ref. : 1 . Proc. of IEEE 1 995 Custom Integrated Circuits Conference (CICC), 
pp.33 1-334. 

2. IEEE JSSC, voL31, pp.33 1-334, March 1996. 

§1 7-4.3 LC-oscillator as V CO 

* Typically a 20dB better phase noise obtained over ring and relaxation oscillators. 

* High-speed operation is possible due to the simple working principle. 

* The realization of the inductor is the key point. 

Design example: 0.7pm CMOS planar-LC VCO. 
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* Constant current => To limit power dissipation 

* Ml and M 2 : To provide a negative resistance for oseillation 

* Li=L2=3.2nH planar spiral inductors 

* p^ - n-well junction diodes Ci and C 2 as varactors for frequency tuning by Vc. 
Ci=C2=lpF 

* Different output voltage. 

Chip photograph of the VCO. (Die size 750x750 pm^) 




Measurement results: 

1. Measured output spectrum for a carrier frequency of 1.81 GHz. 




Frequency Offset [kHz] 
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2. Measured phase noise w.r.t. frequeney offset 




Phase noise: -116dBe/Hz at 600 KHz offset 



3. Measured frequeney tuning charaeteristies 




* At Vc=0.5V, the diode varaetors Ci and C 2 have a larger leakage eurrent => Phase 
noise T 3dB. 
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§17-4,4 Comparisons of Integrated VCOs 



Reference 


Technology 

[-] 


Freq. 

[GHz] 


Power 

[mW] 


Tuning 

[%] 


Phase noise [dBc/Hz] 


Remarks 


reported 


equiv.* 


Relaxation oscillators 


[Banu JSSC88] 


0.75-um CMOS 


0.56 


50 


100 


-90 @500kHz 


-81 


Tuning from lOOkHz to 1 GHz 


[Sneep JSSC90] 


3 -GHz Bip 


0.1 


30 


100 


-118 @lMHz 


-90 


Tuning from low freq. to 150MHz 


[Dobos 

CICC94] 


9-GHz Bip 


0.4 


7 


100 


-no @lMHz 


-92 


Tuning from 800kHz to 800MHz; Fast 
start-up 


Ring oscillators 


[Kwasn 

CICC95] 


1.2-umCMOS 


0.74 


6.5 


6 


- 89 @100kHz 


-97 


Comparison of 3 designs 


[Razav JSSC96] 


0.5-um CMOS 


2.2 


NA 


NA 


-94 @lMHz 


-91 


Three-stage; differential gain stage 


[vd Tan 
ISSCC97] 


9-GHz BiCMOS 


2.0 


NA 


95 


-106 @2MHz 


-96 


Two- stage CCO; stacked with mixer 


LC-tuned oscillators 


[Nguye JSSC92] 


10-GHz Bip 


1.8 


70 


10 


-88 @100kHz 


-104 


High-ohmic substrate; tuning with 2 
tanks 


[Based ESSC94] 


1 -urn CMOS 


1.0 


16 


0 


-95 @100kHz 


-105 


Wide metal turns; substrate back-etched 


[Soyue 

JSSC96a] 


12-GHz 

BiCMOS 


2.4 


50 


0 


-92 @100kHz 


-no 


4-level, extra thick metal; high-ohmic 
substrate 


[Ali ISSCC96] 


25-GHz Bip 


0.9 


10 


N.A. 


-101 @100kHz 


-no 


Complete PFF; planar inductors 



*at 600 kHz offset from a 1.8-GHz carrier 
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Reference 


Technology 

[-] 


Freq. 

[GHz] 


Power 

[mW] 


Tuning 

[%] 


Phase noise [dBc/Hz] 


Remarks 


reported 


equiv. 


LC-tuned oscillators(cont'd) 


[Rofou ISSCC96] 


1 -urn CMOS 


0.9 


10..40 


14 


-85 @ lOOkHz 


-95 


Front-etched inductors; quadrature 
signals 


[Soyue JSSC96b] 


0.5-um BiCMOS 


4.0 


12 


9 


-106 @ IMHz 


-109 


Thick metal (2. 1 pm) and field oxide 
(11pm) 


[Razav ISSCC97] 


0.6-um CMOS 


1.8 


15 


7 


-100 @ 500kHz 


-102 


Finear tuning; quadrature signals 


[Dauph ISSCC97] 


11 -GHz BiCMOS 


1.5 


40 


10 


-105 @ lOOkHz 


-119 


Hollow rectangular coils standard 
process 


[Janse ISSCC97] 


15-GHz Bip 


2.2 


43 


11 


-99 @ lOOkHz 


-116 


High-Q MIS capacitor and varactor 


[Parke CICC97] 


0.6-um CMOS 


1.6 


NA 


12 


-105 @ 200kHz 


-114 


Full PFF circuit; capacitor bank for 
extended tuning 


Presented designs 


[Steya EL94] 


6-GHz Bip 


1.1 


1 


0 


-75 @ lOkHz 


-106 


Bonding wire inductor 


[Crani JSSC95] 


0.7-um CMOS 


1.8 


24 


5 


-115 @ 200kHz 


-124 


Bonding wire inductor; enhanced 
FC-tank 


[Crani JSSC97] 


0.7-um CMOS 


1.8 


6 


14 


-116 @ 600kHz 


-116 


2-level metal; conductive substrate; 
standard CMOS 


[Crani CICC97] 


0.4-um CMOS 


1.8 


11 


20 


-113 @ 200kHz 


-122 


2-level metal; standard CMOS 
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